Performance Analysis of Renewable Energy Systems by Afzal, Anis
PERFORMANCE ANALYSIS OF 
RENEWABLE ENERGY SYSTEMS 
ABSTRACT 
THESIS 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
Boctor of ^tflo^t)? 
IN 
ELECTRICAL ENGINEERING 
BY 
ANIS AFZAL 
Under the able guidance of 
Prof. Mohlbullah Prof. V.K. Sharma 
Chairman, Dept. of Elect. Engg. Dept. of Elect. Engg 
Aligarh Muslim University Jamie Miliia Isiamia 
Aligarti New Delhi 
DEPARTMENT OF ELECTRICAL ENGINEERING 
ZAKIR HUSSAIN COLLEGE OF ENGINEERIGN AND TECHNOLOGY 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
2010 
>r* ^^iM^ 
A 
Abstract: Performance Analysis of Renewable Energy Systems 2010 
ABSTRACT 
1. Introduction 
The main drivers of the increased popularity in renewable energy electricity 
generation by wind, solar, biomass, small hydro and hybrid are due to emergence of 
cleaner and sustainable energy technologies brought along with financial incentives, 
promotion mechanisms, economic and regulatory changes introduced in various 
countries. The reasons of interests in small scale electricity generation are: 
(i) development in distributed electricity generation technologies, 
(ii) difficulties in laying new transmission lines, 
(iii) demand of reliable electricity supply, 
(iv) climate change, and 
(v) liberalization of electric power market. 
Other reasons of growth of distributed renewable energy system are due to: 
(i) flexibility in deployment due to their small size, 
(ii) shorter lead time for installation and commissioning, operation and capacity 
expansion, 
(iii) cost effective source of electricity for peak load, 
(iv) minimal cost of transmission and distribution which could be as high as 40% 
(v) insurance against volatile prices of electricity, 
(vi) transmission and distribution losses may be avoided, 
(vii) effective use of locally available cheap primary renewable energy sources 
such as biomass, biogas, landfill gas, etc. 
2. Objectives of the study 
To achieve the objectives of the thesis, the performance analysis of independent 
wind energy system (WES), photovoltaic (PV) and biomass energy systems is 
evaluated in various situations. The performance analysis is carried out also for 
integrated systems consisting of WES and PV energy system; PV and biomass 
energy systems; WES, PV and biomass energy systems; and hybrid system 
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consisting of WES, PV system and diesel engine- generator (DG) set; and PV. 
biomass system and DG set. Sensitivity analysis and optimization technique are 
applied in each case to study the optimal renewable energy system. The follo\^ing 
are detail of the objectives of this thesis: 
calculation of energy exported to grid from RE sources 
income from energy export 
Gross and net greenhouse gas (GHG) emission reduction 
GHG reduction income 
Total annual cost 
Total annual saving and income 
Financial viability including simple and equity payback 
Cumulative cash flow 
Sensitivity analysis with sensitivity variables 
Total net present cost (NPC) 
Cost of Energy (COE) of various configurations 
Optimization of various configurations 
3. Methodology 
The objective of the thesis is achieved by using two simulation software tools 
namely Renewable Energy Technology Screen (RETScreen) Version 4 and Hybrid 
Optimisation Model for Electric Renewables (HOMER). 
3.1 Performance analysis tool - RETScreen 
The RETScreen International Clean Energy Project Analysis Software is a unique 
decision support tool developed with the contribution of numerous experts from 
government, industry, and academia. RETScreen International is managed under the 
leadership and ongoing financial support of Natural Resources Canada's CANMET 
Energy Technology Centre - Varennes. The software is capable of analyzing RE. 
cogeneration and district energy, full array of financially viable clean pouer, 
heating and cooling technologies, and energy efficiency measures. 
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The significant objectives of the software application are as follows"; 
• Development of new models to evaluate energy efficiency measures for 
residential, commercial and institutional buildings; communities; and 
industrial facilities and processes. 
• Calculating of GHG emission from base case power generator and 
comparing it with proposed RE case. Providing income detail from GHG 
emission reduction due to proposed case. 
• Expansion of the RETScreen Climate Database to 4,700 ground-station 
locations around the globe and incorporation of the improved NASA Surface 
Meteorology and Solar Energy Dataset for populated areas, directly into the 
RETScreen software. 
• Integrafion of the existing RETScreen models for RE (e.g. wind energy) and 
combined heat and power, along with the new models for energy efficiency 
measures, all into one software file, and expansion of the capabilities of 
existing models to evaluate emerging technologies, such as ocean current 
and wave power. 
3.2 Sensitivity analysis and optimization tool - HOMER 
HOMER is one of the world's most powerful and most widely used tools for 
designing hybrid renewable power systems. HOMER simulates and optimises stand-
alone and grid-connected power systems comprising any combination of wind 
turbines, PV arrays, run-of-river hydro power, biomass power, internal combustion 
engine generators, microturbines, fuel cells, batteries, and hydrogen storage, serving 
both electric and thermal loads. Mistaya Engineering Inc., Canada, has provided 
software engineering, documentation, and technical support for HOMER, for the US 
National Renewable Energy Laboratory (NREL). It simulates the operation of a 
system by making energy balance calculations for each of the 8760 hours in a year. 
For each hour, it compares the electric and thermal demand in the hour with the 
energy that the system can supply in that hour, and calculates the flow of energy to 
and from each component of the system. For systems that include batteries or fuel-
powered generators, the software also decides, for each hour, how to operate the 
generators and whether to charge or discharge the batteries. It performs energy 
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balance calculations for each system configuration that it is required to consider. It 
then determines whether a configuration is feasible, that is, whether it can meet the 
electric demand under the specified conditions, and estimate the cost of installing 
and operating the system over the lifetime of the project. The system cost 
calculations account for costs such as capital, replacement, operation and 
maintenance (O&M), fuel, and interest. 
After simulating all the possible system configurations, it displays a list of 
configurations, sorted by net present cost (also called lifecycle cost), that one can 
use to compare system design options. 
When sensitivity variables are defined as inputs, the software repeats the 
optimization process for each sensitivity variable that is specified. For example, if 
wind speed is defined as a sensitivity variable, it will simulate system configurations 
for the range of wind speeds that are specified. 
3.3 Validation of RETScreen off-grid model compared with 
HOMER hourly model 
Mean annual and monthly relative error of 3% and 10%, respectively, are found in 
simulation results. The system configuration is close to the default off-grid 
PV/batteries/genset worked-out example one finds when opening the RETScreen PV 
model. The system modeled is a telecom station located near Neuquen, Argentina 
(latitude 39°S). Horizontal solar radiation and average air temperature are shown in 
Table 1 (http://www.retscreen.net). 
Main parameters of the system are: 
• Load: 500 W, continuous, ac load. 
• PV array: 1 kWp mono-Si array; miscellaneous PV array losses are set to 
10%, array tilted 50° facing north. 
• Battery: 24 V, 2,500 Ah, nominal capacity 80%), round trip efficiency and 
40% maximum depth of discharge. Cycle charging option; genset runs at full 
capacity; surplus power charges batteries; Set point State of Charge (SoC) 
option used, which means that the genset will not stop charging the battery 
bank until it reaches the specified state of charge. 
• Inverter: 1 kW, 90% average efficiency. 
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• Genset: 7.5 kW, with specific fuel consumption 0.46 L/kWh. 
• Charger efficiency: 95%. 
The results of the comparison are summarised in Table 1. On a yearly basis 
RETScreen predicts slightly less PV energy production than HOMER does (1,404 
vs. 1,480 kWh, or a difference of 5%). Part of this difference (around 2%) is 
attributable to differences in the calculations of incident solar radiation, as shown in 
the table. Contributions from the genset are virtually identical (2,096 L vs. 2,079 L). 
Overall, these differences are insignificant and illustrate the adequacy of the 
RETScreen PV model for pre-feasibility studies. 
Table 1: Summary of Calculation Results with RETScreen and HOMER 
Month 
Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec 
Average 
Global 
Solar 
Radiation 
kW/mVd 
6.33 
5.89 
4.58 
3.36 
2.33 
1.78 
2.00 
2,93 
3.72 
5.28 
6.33 
6.36 
4.23 
Average 
Temp. 
°C 
23.3 
22.0 
18.3 
13.2 
9.2 
6.1 
5.6 
8.0 
11.2 
15.3 
19.3 
22.2 
14.5 
Incident Solar 
Radiation 
kW/mVd 
HOMER 
4.98 
5.23 
4.99 
4.58 
3.88 
3.23 
3.51 
4.36 
4.34 
5.14 
5.06 
4.83 
4,51 
RETScreen 
4.94 
5,21 
4.82 
4.39 
3.88 
3.27 
3,51 
4.32 
4.17 
4.93 
5,08 
4,81 
4.44 
PV Energy 
Production 
kWh 
HOMER 
139 
132 
139 
124 
108 
87 
98 
122 
117 
143 
137 
135 
1,480 
RETScreen 
129 
123 
127 
114 
106 
88 
98 
119 
110 
132 
130 
127 
1,404 
Genset Fuel 1 
Consumption 1 
L 1 
HOMER 
164 
141 
172 
170 
187 
191 
195 
175 
176 
169 
166 
174 
2,079 
1 
RETScreen i 
172 1 
1 
152 1 
1 73 
173 
186 
1X9 
191 
178 
176 
170 
\6^ 
174 
2,096 
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4. Conclusions 
The results of the energy model of WES in Chapter 3 explain that 3,942 MWh 
energy is generated by using 1.5 MW WES giving an annual income of $ 275.940. 
GHG emission is 0 tC02/yr compared to 4,568 tCOi/yr in base case generation 
which uses fossil fuel in India scenario. The model calculates the net annual 
reduction in GHG emissions estimated to occur if the proposed case is implemented. 
Net annual GHG emission reduction is 4,477 tC02/yr equivalent of 910 cars & light 
trucks not used annually giving total annual savings and income $ 365,469. The 
calculation is based on the gross annual GHG emission reduction and the GHG 
credits transaction fee. Total annual cost is $ 282,430 and equity payback 8.0 yr 
when cash flows become positive. 
The number of turbine configured in the simulation is one; model GE 1.5sl 
with rated power 1500 kW selected which starts generating 40 kW at 4 m/s. 
Sensitivity and optimization results are carried out for wind speeds 4.300 m/s. 5.796 
m/s and 6.700 m/s and WES life 20 yr and 25 yr; considering project life only 20 yr. 
the following results of WES are discussed: 
• For project life of 20 yr, total NPC $ 3,966,440 is same for all wind speeds 
but COE is minimum of 0.050 $/kWh in case of highest wind speed 6.700 
m/s; 0.058 $/kWh for 5.796 m/s; and 0.091 $/kWh for minimum wind speed 
4.3 m/s. 
• If the project life is raised to 25 yr total NPC and COE are reduced from 
$ 3,966,440 to $ 3,554,597 and from 0.050 $/kWh to 0.045 $/kWh 
respectively for sensitivity variable wind speed 6.7 m/s. For wind speeds 
5.796 m/s and 4.300 m/s, NPC are same $ 3,554,597 also. But COE are 
0.052 $/kWh and 0.082 $/kWh respectively. 
• Capacity shortages are same for the same wind speeds irrespective of project 
lives. 
• Initial capital $ 3,115,500 is same for all project lives and all wind speeds as 
number of wind turbine configured as one. 
• Operating costs 60,376 $/yr and 31,155 $/yr are same for the same project 
lives of 20 or 25 yr irrespective of wind speeds. 
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• Production from wind turbine is found 5,178,394 kWh/yr (100%). 
consumption by ac primary load 4,829,966 kWh/yr (100%) and excess 
electricity 348,430 kWh/yr (6.7%)). The proportion of the total load that 
went unserved because of insufficient generation is unmet electric load, i.e. 
8,203,102 kWh/yr (62.9%). The total amount of capacity shortage that 
occurred during the year is 9,594,032 kWh/yr (73.6%)). 
Chapter 4 contains the detail of 1.5 MW PV energy system indicating its 
performance analysis by energy model. Electricity generated annually and exported 
to load by the PV energy system is 2,628 MWh and income from export $ 183,960. 
Gross annual GHG emission reduction due to use of the RE is 3,045 tC02 and net 
annual GHG emission reduction 2,984 tCOi , which is equivalent to 1,213.294 
liters of gasoline not consumed annually. Income from GHG reduction is $ 59,686. 
hence total annual savings and income from the PV energy system $ 243,646. In this 
case, total annual cost is $ 202,319 and equity payback 2.9 yr when cash flow 
becomes positive. 
Sensitivity results of PV energy system with capital cost multiplier 1 & 0.8, 
replacement cost multiplier 1 & 0.8, and PV life of 20 & 25 yr indicate that: 
• NPC of $ 2,920,597 and COE 0.077 $/kWh are lesser when project life is 25 
yr than NPC and COE of 20 yr value. 
• If PV replacement cost multiplier becomes 0.8, NPC and COE remain same 
$ 2,920,597 and 0.077 $/kWh respectively for project life 25 yr. But the 
same sensitivity variables change marginally; NPC from $ 3,290,603 to $ 
3,216,602 and COE from 0.086 $/kWh to 0.084 $/kWh. 
• Change in NPC from $ 2,920,597 to $ 2,410,397 takes place when capital 
cost multiplier of PV is dropped from 1 to 0.8. 
• Operating cost $ 1700 is lesser for project life of 25 yr than $ 43,253 for 20 
yr project life. 
Optimization results for PV energy system shows capital cost multiplier 1. 
PV replacement cost multiplier 1 and PV life 20 yr. Total NPC and COE are 
calculated as $ 3,293,603 and 0.086 $/kWh respectively in optimal results having 
1700 kW PV system and 1300 kW converter. The PV cells of BP Solar make having 
10000 units, model mono-Si - BP 4150 are opted. In the second best optimal system 
_ . 1 ftj a . !—.-1 
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one battery (Surrette S4KS25P) of nominal voltage 4V, nominal capacity 1,900 Ah 
(7.6 kWh) and lifetime throughout 10,560 kWh is added in the configuration 
suggested by the software. The total NPC and COE are figured as $ 3,292,043 and 
0.086 $/kWh respectively with marginal rise in initial capital and operating cost. 
Similar optimization results are achieved for PV project life of 25 yr. A cash 
summary for the PV energy system is illustrated, indicating PV capital $ 2,040,800. 
replacement $ 717,839, O&M 239,597 $/yr, fuel cost nil, and salvage value $ 
421,835. The capital cost of battery is taken as $ 800, replacement $ 520, O&M 282 
$/yr, fuel cost nil, salvage cost $ 162. The capital cost converter is taken as $ 
130,000; other costs are nil. Therefore, all these costs for entire system are shown. 
In other optimization results electric production and consumption are shown for 
project life of 20 years. The results are shown in Table 4.8 indicating PV array 
production 3,122,355 kWh/yr (100%), ac primary load consumption 2,706.223 
kWh/yr (100%), excess electricity 115,415 kWh/year (3.7%)), unmet electric load 
10,326,839 kWh/yr (79.2%o) and capacity shortage 11,721,015 kWh/yr (89.9%). 
Energy Model of 1.5 MW biomass energy project is shown in Chapter 5 
indicating detail of performance analysis of proposed case power system, GHG 
emission analysis and financial analysis. Electricity generated by 6 units of biomass 
generator Entropic Energy made Turbion model and exported to grid is 12,089 
MWh and income out of it $ 846,216. Emission analysis GHG emission base case 
18,239 tC02 if a fossil fuel based generation is used. GHG emission from propose 
case of biomass generation is 513 tC02, gross annual GHG emission reduction 
17,726 tC02, and net annual GHG emission reduction 17,371 tCOi equivalent to 
14,765 acres of forest absorbing GHG emission. Income from GHG reduction is $ 
347,427 and therefore, total annual savings and income $ 1,193,643. Equity payback 
starts just after 0.3 yr and cash flows become positive. 
In sensitivity results of 1.5 MW biomass energy system with biomass 
resource availability 300 t/d, 360 t/d & 400 t/d, and biomass cost of $/t 20, $/t 30 & 
$/t 40 are underlined as under: 
• Operating cost 1,509,280 $/yr, total NPC $ 21,971,714, COE 0.132 $/kWh, 
biomass consumption 35,661 t/yr and biomass operation hours 8,759 h'yr 
are same for biomass cost of 30 $/t for biomass resource supply 400 t/d, 360 
t/d and 300 t/d until the biomass resource supply reduced to 90 t/d. 
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• Similarly operating cost, total NPC, COE, biomass consumption and 
biomass operation hours are same for biomass cost of 20 $/t and 40 $/t. 
• When biomass resource supply 90 t/d is insufficient operating cost reduced 
from 1,509,280 $/yr to 1,389,625 $/yr; total NPC reduced from $ 21,971.714 
to $ 20,285,300; COE increased from 0.132 $/kWh to 0.133 $/kWh: biomass 
consumption reduced from 35,661 t/yr to 32,849 t/yr; and biomass operation 
hours decreased from 8,759 h/yr to 8,080 h/yr. 
• Biomass consumption depends upon biomass resource supply. If the supply 
is reduced from 300 t/d to 90 t/d, the consumption slumped 35,661 t/yr to 
32,849 t/yr and so the operation hours of biomass generator from 8,759 hr/yr 
to 8,080 h/yr 
• It is found that if biomass operating cost increases, total NPC and COE also 
increase. 
Optimization resuhs of 1.5 MW biomass energy system are obtained for 
sensitivity variables biomass resource 400 t/d, 360 t/d, 300 t/d, 90 t/d, and 80 t/d; 
and biomass cost of $/t 20, $/t 30 & $/t 40. Optimal results are obtained for 
sufficient biomass resource supply to be able to operate the biomass generator 
throughout a year. Operating cost 1,152,675 $/yr, total NPC $ 16,945,732. COE 
0.102 4/kWh and biomass operating hours 8,759 h/yr remain same for all values of 
sufficient biomass resource supply. These parameters starts changing when biomass 
resource supply becoming insufficient, i.e. when biomass resource supply becomes 
90 t/d or 80 t/d. 
Simulation results of cost summary of 1.5 MW biomass energy system are 
indicated. The results show capital cost of the project $ 700,000, O&M cost $ 
5,457,828, fuel charges $ 8,888,194 and salvage value $ 16,370. In other simulation 
results electric production is indicated 11,823,917 kWh/yr (100%); ac primary load 
consumption 11,797,253 kWh (100%); excess electricity 26,668 kWh (0.2%); unmet 
electric load 1,235,808 kWh/yr (9.5%); and capacity shortage 2,100,556 kWh/yr. 
Results of energy model Chapter 6 of 1.5 MW integrated energy project of 
WES 750 kW and PV energy system 750 kW indicate performance analysis of 
proposed case power system, GHG emission analysis and financial analysis. In the 
energy model 15 units of wind turbines of Atlantic Orient make, model AOC 15/50 
- 23m and 3000 units of Uni-Solar make, model a-Si-SSR-256W are configured. 
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The electricity generated annually by the WES and PV energy system are 1,97! 
MWh and 1,314 MWh respectively. Income from both the generations is $ 229.950. 
Net annual GHG emission reduction due to use of RE is 3,730 tC02 and income 
from it $ 74,607; therefore total annual saving and income is $ 304,557. Simple 
payback is period is 9.5 yr whereas equity payback period 6.9 yr when cash ilows 
become positive and project starts giving profit. 
Sensitivity and optimization results of 1.5 MW integrated systems of wind 
energy and PV energy are obtained for sensitivity variable of 20 yr and 25 yr as 
elaborated as under: 
• PV energy system, WES (FL 250), battery (S4KS25P) and converter are 
equipments chosen for optimal solution. The optimal equipments configured 
for 20 yr project life are PV 1300 kW and converter 850 kW with initial 
capital $ 2,685,000, operating cost 73,502 $/yr, NPC $ 3,720,939 and COE 
0.131 $/kWh. 
• The equipments configured in second optimal system are PV 1300 kW, 120 
numbers of batteries S4KS25P and converter 800 kW with total NPC $ 
3,863,323 and COE 0.137 $/kWh. 
• If both PV energy system and WES are to be considered for integration 
anyhow, third optimal system is obtained. The simulation is configured for 
PV 1200 kW, one number of WES FL 250 and converter 900 kW with NPC 
$ 4,139,680 and COE 0.145 $/kWh. 
• In other non-optimal system only 28 numbers of WESs FL 250 are 
configured with very high values of NPC $ 19,416,006 and COE 0.656 
$/kWh. 
• All above results are obtained for project life 25 yr with lower values of 
operating cost, total NPC and COE; but initial capital for various respective 
configurations are same as that of project of life 20 yr. 
Results of energy model of 1.5 MW integrated energy project of PV system 
750 kW and biomass energy system 750 kW indicate performance analysis of 
proposed case power system, GHG emission analysis and financial analysis. For PV 
energy system 6250 numbers of PV cells of Uni-Solar make, model a-Si-ASR-
120W and 3 units of biomass generators Entropic Energy make, model Turbion of 
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are selected for are configured. The electricity generated and exported to grid 
annually by the PV energy and biomass energy systems are 1,314 MWh and 7.358 
MWh respectively. Income from export of both the generations is $ 515,088. Net 
annual GHG emission reduction due to use of RE is 8,105 tC02 and income from it 
$ 162,092; therefore total annual saving and income is $ 677,180. Simple payback is 
period is 11 yr whereas equity payback period 13.7 yr when cash flows become 
positive and project starts giving profit. 
Sensitivity results of 1.5 MW integration of PV and biomass systems for 
sensitivity variables of biomass price 30 $/t and 40 $/t are illustrated in Table 6.4. 
The following points are observed: 
• In the simulation biomass generated, PV energy system, battery S4KS25P. 
converter are considered; but only biomass generator 1500 kU is 
configured. 
• Initial cost is throughout same for sensitivity variables of biomass price 30 
$/t and 40 $/t; and biomass resource supply 300 t/d, 360 t/d and 400 t/d. 
. Operating cost $ 1,338,895, total NFC $ 17,285,586 and COE 0.118 $/kWh 
are same for biomass price $ 30 for all values of biomass resource supply. 
• Similarly, operating cost $ 1,697,854, total NPC $ 21,759,016 and COE 
0.148 $/kWh are found same for biomass price $ 30 for all values of 
biomass resource supply. 
Optimization resuhs of 1.5 MW integrated PV and biomass systems for 
sensitivity variables of biomass price 30 $/t yr and biomass supply 360 t/d indicate 
that biomass generator 1500 kW is configured only in the optimal system. PV 
system, battery, or converter are not configured at all with initial capital $ 600,000, 
operafing cost 1,338,895 $/yr, total NPC $ 17,285,586, COE 0.118 $/kWh and 
biomass consumption 35,896 t/yr. The second optimal system consists of biomass 
generator 1500 kW, 12 numbers of batteries S4KS25P and converter 25 kW with 
more initial capital $ 618,300, operating cost 1,339,204 $/yr and total NPC $ 
17,307,738; and same values of COE 0.118 $/kWh and biomass consumption 
35,896 t/yr. Another non-optimal system is also available consisting of both REs -
PV power 25 kW, biomass power 1500 kW and converter power 25 kW with 
different initial capital $ 707,500 and operafing cost 17,388,968 $/yr; and same 
COE 0.118 $/kWh and biomass consumption 35,896 t/yr. One more non-optimal 
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system is also possible configuring of all equipments - PV power 25 kW, biomass 
power 1500 kW, 12 numbers of batteries with different initial capital $ 718, lOO. 
operating cost 1,338,873 $/yr and total NPC $ 17,403,620; and same COE 0,118 
$/kWh and biomass consumption. 
Integration of PV and biomass systems are found practically and 
economically feasible only when the percentage of power share of biomass system 
is increased from 750 kW to 1000 kW and PV system power share is reduced 750 
kW to 500 kW to get a total output power of 1.5 MW from the integrated system 
Energy Model of 1.5 MW integrated energy project of biomass 750 kW and 
wind energy system 750 kW indicating detail of performance analysis of proposed 
case power system, GHG emission analysis and financial analysis are indicated. For 
simulation purpose 3 units of biomass generator totaling 750 kW Entropic Energ\ 
make, model Turbion and 15 units of WES Atlantic Orient make giving 750 kW. 
model AOC 15/50 - 25m are selected on the basis of the sites requirements. The 
annual electricity generated and exported to grid by the biomass generator and WES 
are 6,044 MWh and 1,971 MWh respectively - totaling 8015 MWh electricity 
generated and $ 561,078 income from the export. Net annual GHG emission 
reduction due to use of RE systems of biomass and wind energies is 8,850 tC02 and 
income from emission reduction $ 177,013 and total income from the integrated 
system $ 738,091. Cash flows become positive after equity payback period after 2.7 
yr and simple payback period after 5.2 yr. 
Sensitivity results of 1.5 MW integrated biomass system and WES for 
sensitivity variables biomass supply 300tyd, 360t/d, 400 t/d and biomass price 30 
$/t, 40 $/t. The following points are concluded: 
• Sensitivity results of 1.5 MW integrated biomass system and WES is exactly 
same as sensitivity results of 1.5 MW integrated PV and biomass energy 
systems. Therefore all the comments remain same as conclusion made for 
integrated PV and biomass energy systems. 
• This concludes that biomass energy system plays a dominant role over other 
RES. 
• The results show that biomass energy system is configured; WES is left out 
from configuration. 
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Optimization results of integration of 1.5 MW of biomass and wind energy 
systems are shown for sensitivity variables of biomass price 30 $/t yr and 40 $/t. 
The optimal configuration consists of biomass energy system 1500 kW with initial 
capital $ 600,000, operating cost 1,338,586 $/yr, total NPC $ 17,285,586, COE 
0.118 $/kWh and biomass consumption 35,896 t/yr for sensitivity variable biomass 
price 30 $/t. The same result is found for optimal system for integration of PV and 
biomass energy systems. In second optimal system 1 number of WES G20 is added 
with all other equipments of optimal system with initial capital $ 638,000, operating 
cost 1,339,269 $/yr, total NPC $ 17,328,252, COE 0.118 $/kWh, biomass 
consumption 35,883 t/yr for biomass price 30 $/t. When biomass price is increased 
to 40 $/t initial capital remains same ($ 600,000) but operating cost (1,697,854 
$/yr), total NPC ($ 21,759,016), COE (0.148 $/kWh) and biomass consumption 
(35,896 t/yr) are increased. 
Energy Model of 1.5 MW integrated energy project of WES 500 kW and PV 
energy 500 kW and 500 kW biomass energy systems for performance analysis is not 
possible to carry out by the software tool RETScreen. Therefore only sensitivity 
analysis and optimization technique are considered for this study. Sensitivity results 
of 1.5 MW integrated wind, PV and biomass energy systems are indicated for 
sensitivity variables of biomass price of 30 $/t and 40 $/t. The following points are 
concluded: 
• Equipments considered for simulation are WES G20, PV energy system. 
biomass energy system and converter; but only biomass is configured for all 
sensitivity variables biomass supply 300 t/d, 360 t/d and 400 t/d; and 
biomass price 30 $/t and 40 $/t. 
• For all sensitivity variables of biomass supply and price, initial capital is $ 
600,000 as only biomass generator is configured. 
• When biomass price is 30 $/t operating cost 1,340,518 $/yr, total NPC $ 
19,493,186 and COE 0.117 $/kWh for biomass supply 300 t/d, 360 t/d and 
400 t/d. 
• Similarly, when biomass price is 40 $/t operating cost 1,699,478 $/yr, total 
NPC $ 24,552,342 and COE 0.148 $/kWh for biomass supply 300 t/d, 360 
t/d and 400 t/d. 
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• These results are similar to sensitivity results of 1.5 MW integrated PV and 
biomass systems. 
Optimization results of 1.5 MW integrated wind, PV and biomass energy 
systems for sensitivity variables of biomass price 30 $/t yr and 40 $/t are shown. All 
the optimization results are found in favor of biomass electricity generation. The 
optimal system consists of only biomass generator 1500 kW with operating cost 
1,340,518 $/yr, total NPC $ 19,493,186 and COE 0.117 $/kWh for biomass price 30 
$/t which is also shown in sensitivity analysis. In the third optimal system biomass 
1500 kW and PV system 25 kW are configured with initial capital $ 657,500. 
operating cost 1,340,760 $/yr, total NPC $ 19,554,090 and COE 0.117 $/kWh with 
biomass price 30 $/t. WES is not configured at all for any value of sensitivity 
variable. 
A hybrid system- a combination of various REs with a conventional fossil 
based electricity generation - WES and PV energy system are combined with a DG 
set to provide energy security to isolated electric load of Amini Island in Indian 
Ocean, elaborated in Chapter 7. Performance analysis based on energy model is not 
possible to carry out by the software tool RETScreen. Therefore, HOMER software 
tool is used to conduct sensitivity analysis and optimization of annual average 
energy 880 kWh/day (peak annual load 148.9 kW) from integrated energy project of 
WES, PV, biomass energy systems and DG set. 
Simulation results of different sensitivity variables of wind speed of 4.61 
m/s, 5 m/s, 6 m/s, 10 m/s, 15 m/s, 20 m/s, 25 m/s, and 30 m/s for diesel price 0.6 
$/L, hub height 25 m and SoC 25% at Amini Island are indicated. As per weather 
data the island is suitable for installation of PV and wind generators. The following 
conclusions are derived from the simulation. 
• Energy security is important for an island; therefore hybrid system is 
preferred over a system using one RE, so that strong points of conventional 
and RES may be availed. 
• From average wind speed 4.61 m/s to extremely high wind speed 30 m/s, PV 
system is not configured. The equipments configured are 10 numbers of 
wind generator WES-18, DG set 100 kW, 168 numbers of batteries 
6FM200D and converter 100 kW with initial capital $ 159,600, COE 0.125 
$/kWh, DG running 903 h/yr and GHG emission 76,661 kg/yr when 
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sensitivity variable of SoC 25% and hub height 25 m. For hub height 20 m, 
total NPC and COE are increased to $ 541,04land COE 0.312 $/kWh 
respectively keeping other variables constant. Similarly if SoC is taken 75% 
and other variables same, total NPC $ 520,814 and COE 0.127 $/kWh. 
• Number of wind generators 10 remains same for sensitivity variable wind 
speed up to 6 m/s and so the DG power and the converter power, number of 
batteries, COE, DG running hour and GHG emission decrease. 
• For wind speed reaches 15 m/s, number of wind generators reduces to 4, DG 
power 50 kW, number of batteries 96, converter power 50 kW, COE 0.024 
$/kWh, initial capital $ 74,200, DG running hour 85 and GHG emission 
3000 kg/yr. 
• For wind speed 20 m/s, number of wind generators decreased to 5, number 
of batteries 96, converter power 50 kW, minimal COE 0.020 $/kWh, initial 
capital $ 74,200 without DG power and zero emission. At higher wind speed 
(> 15 m/s), DG set is not configured, reducing GHG emission to zero. 
Following are main points inferred from simulation results of different 
sensitivity variables of biomass price of 20 $/t, 30 $/t, 40 $/t, snd 50 $/t for diesel 
price 0.6 $/L and SoC 25% at Hathras. As per weather and agricultural data the 
place in mainland is suitable for installation of PV and biomass generators. 
• For sensitivity variable of biomass price 20 $/t, 30 $/t and 40 $/t, PV 
generator and DG set are not configured. The equipments configured are 
biomass generator, battery, and converter. 
• The optimal configuration of system consists of biomass generating system 
60 kW, 60 number of 6CS25P batteries and converter 25 kW initial capital $ 
87,500, optimal COE 0.189 $/kWh, biomass generator annual running hour 
5,894 hr/yr and small quantity of GHG emission 76.9 kg/yr in absence of 
DG set when biomass price is minimal 20 $/t. 
• The above trend of various equipments and values remain nearly same for 
biomass price 30 $/t and 40 $/t, except COE whose slightly enhanced values 
are 0.232 $/kWh and 0.276 $/kWh respectively. 
• When the price of biomass exceptionally high 50 $/t, too expensive to fuel 
the biomass generator, in that condition biomass is not configured. The 
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equipments configured are PV power 50 kW, DG power 50 kW, 60 number 
of batteries, converter power 25 kW with COE 0.279 $/kWh, enormously 
high initial capital $ 305,417 and GHG emission 208,697 kg/yr. 
• In case HRES containing PV, WES, and DG set, the simulation shows that 
COE (i) decreases as wind speed increases, (ii) increases with the increase in 
diesel price, (iii) decreases as hub height increases, and (iv) increases with 
setpoint SoC. 
• Sometime optimal configurations simulated by the software are not 
practically possible to install, hence compromise has to be made in favor of 
second or third most economical configuration. 
6. Future works and recommendations 
This thesis explores the performance and feasibility of decentralized RESs 
consisting of wind, PV and biomass energy systems and their integrated systems in 
different conditions and situations. Since the analysis is conducted to study the 
performance, financial and GHG emission with sensitivity analysis and 
optimization, it is found that there is plenty of scope for further research. Some 
possible recommendations for future works in the directions are following: 
• Efforts should be made by manufacturers to design, manufacture and install 
model and prototype experimental set up for research and development 
purpose. Those model/prototype set up may be allowed to produce 
electricity in artificially generated weather conditions. An approach may be 
made to verify simulated data by using the experimental set up. This 
approach will help find the validation of the software tools used for the 
simulation. 
• Software may be developed for sensitivity analysis and optimization for fuel 
cell, geothermal, tidal, and other RESs or incorporated in the existing 
software for future study. 
• Complete design detail of RESs is not incorporated in simulation software. 
Therefore it is required to develop software giving all design details of each 
RE equipments. 
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RETScreen software tool provides non-optimized simulation result for 
performance, financial, and GHG emission analyses; whereas the other 
software tool HOMER conducts only optimal simulation with sensitivity 
analysis and optimization. A sincere effort is required to develop software 
combining both RETScreen and HOMER so that positive points of both the 
software tools may be availed in one software. 
HOMER software simulation shows COE of electricity generated by 
biomass changes little or does not change at all even when biomass resource 
supply is reduced considerably. It shows reduction in biomass consumption 
and operation hours in a year. It should also show the change in COE when 
biomass generator running with short supply of biomass for whole year. 
Therefore some change is suggested in the software. 
Positive cash flow and equity payback period reaches earliest in biomass 
generation system than any other RES, giving back returns of the investment 
to investor. Therefore, it is recommended to prefer biomass generatmg 
system over other RES as far as possible for quick money-back. 
If biomass available it is always beneficial to use biomass energy so that 
GHG emission may be avoided. Biomass releases carbon dioxide when it is 
used for gasification. Because biomass absorbs carbon dioxide during 
sunlight hours as it grows; the entire process of growing, using, and re-
growing biomass results in very low to zero carbon dioxide emissions. If 
proper balance is maintained between growing and gasifying of biomass in a 
particular area, zero emission may be achieved while generating electricit). 
Integration of biomass system with other REs used to generate power are 
found feasible only when the percentage of power share of biomass system 
is more than other REs. In optimal system of integrated RESs, only biomass 
system is found in configuration. No other RESs is configured in optimal 
results. Therefore, in future integrated RES, biomass generator should be 
allowed to share more load than other REs as far as possible to generate 
cheaper and cleaner electricity. 
Small-scale rural industries (such as flour and oil mills, paddy hullers, 
handicraft units etc.) requiring electricity in isolated villages should be 
encouraged to set up their own electricity generating units using biomass; 
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which is available in abundance in Indian villages. Government and 
manufacturers should provide subsidy and discount etc. on these activities. 
In coming days integration of REs will play vital role in power generation 
sector mainly due to growing demand of GHG emission mitigation. When 
WES and PV energy system are integrated and allowed to generate equal 
power for a particular load demand; it is found that WES generates nearly 
1.5 times more power than PV system to meet the load. In another case 
when PV and biomass systems are integrated to deliver equal power, 
biomass system generates nearly more than six times the PV power to meet 
the same load demand. In the third combination of integration of biomass 
energy system and WES, biomass generates nearly three times power than 
wind power. 
In case of WES and PV system integration, net annual GHG emission 
reduction is lesser than half the case of integrated system of PV and 
biomass; or integrated system of biomass and wind. Therefore, total GHG 
emission reduction income in integration of WES and PV system is lesser 
than half the integrated system of PV and biomass; or integrated system of 
biomass and wind. 
Total annual saving and income of integrated system of wind and PV is 
found lesser than half the integrated system of PV and biomass; or 
integrated system of biomass and wind. 
The objectives and results of the thesis are unique; however there are some 
limitations. All the costs are taken from current market rate which may not 
be universal and applicable all the time. It was not possible to verify the 
results obtained from simulation in real time. Results obtained do not 
provide complete design details of RE components. 
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CHAPTER 1 
INTRODUCTION 
1.1 Background 
Nowadays electrical energy is one of the important inputs for development of a 
community and is one of the main infrastructures required for industries, agriculture, 
and socio-economic development and also for generation of employment in rural and 
remote areas. In most part of the world, areas with electricity are far more developed 
than those without electricity (UNDP, 2002). Electricity is used for production of goods 
and services that are more directly/indirectly desired and help contribute directly to the 
welfare of human being for economic growth, fulfilling needs of health and education 
(Sihag et al, 2004). In villages electricity is used for basic needs like pumping water for 
drinking and irrigations; extending working hours through lighting; and operating 
appliances of small-scale rural industries and provides bundling economic benefits 
(Chaurey et al, 2004). 
The global electricity generation increased from 6,116 TWh in 1973 to 18,930 TWh in 
2006, and projected to rise to 23200 TWh in 2015 and 31800 TWh in 2030 (lEO, 2009). 
There is big gap in electricity generation and fuel shares between different regions of 
world and fuels shown in Fig. 1.1 and Fig. 1.2 as reported by International Energy 
Agency (lEA) in 2008. The average electrification level in different countries of Middle 
East, North America, East Asia/China and Latin America is above 85% (IEA, 2002; 
Toth and Rogner, 2006). Most of the third world countries of Asia, Latin America and 
Africa are facing acute shortage of electricity to a sizeable proportion of their 
population. The primary reasons of this shortage are lack of sufficient capacity for 
electricity generation and funds for generation, transmission and distribution. World 
primary energy demand in 2005 (lEA, 2006) shown in Figure 1.3 depicts that world 
energy demand for renewable energy (RE) was 12.8%. Whereas in India total energy 
consumption using RE was 1% as indicated in Figure 1.4 (lEA, 2006). 
Earliest electric power plants used to supply closely located load through direct current 
based grids; thereby limiting supply voltage and distance between the plant and farthest 
load (Pepermanns et al, 2005; Banerjee, 2006). Later on, with the development and use 
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of alternating current, transmission of electricity to longer distances became possible. 
The contemporary electricity generation systems are generally dominated by large 
capacity centralized power generating units. For transporting electricity to the users 
from the centralized power plants in an efficient maimer, hierarchical structure for 
transmission and distribution of electricity has been developed (Dondi et al, 2002). 
Distributed or decentralized generation may be used as an alternative option which may 
be considered for providing electricity access to a significant proportion of consumers. 
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Figure 1.4: Total Energy Consumption in India, by type (2006) 
Nearly 27% of world's population, i.e., 1.64 billion people did not have electricity 
access in the year 2004 (lEA, 2006), out which about 35% of the deprived population 
was living in India in the same year (Appendix, Table 1.1). In India, the majority of the 
population deprived from electricity access was living in villages. About 43.5% of 
village households (60.18 million out of 138.27 million) did have grid electricity 
according to 2001 census according to Ministry of Power (MOP) as shown in 
Appendix, Table 1.2 (MOP, 2003), though nearly 80.8% of Indian villages (474,982 
from 587,556) have been reportedly electrified as on 31 March 2007 (Appendix, Table 
1.3) (MOP, 2008). Government of India has a target to electrify all households of all the 
villages by 2010 as reported by MOP (MOP, 2005a). There are nearly 24,500 'remote 
villages' in India where grid electricity is not possible in near future. These villages are 
proposed to get electricity supply from non-conventional/RE decenfralized generation 
options vide Ministry of Non-conventional Energy Sources (MNES, 2004) to achieve 
National Policy 2004 to provide access to electricity for every household as reported by 
(MOP, 2005b). 
RE options provide localized distribution network (micro grid) for the consumers 
situated far off from main grid (World Bank, 2001; Abu-Sharkh et al, 2006). Non-
renewable or conventional fossil fuel energy systems are generally economical if 
utilized centrally, whereas RE sources are well suited for dispersed locations (Twidell 
and Weir, 1986). Hence, RE sources are suitable for distributed electricity generation. 
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In India, distributed RE based system started more than a hundred years ago with 
installation of a 130 kW capacity small hydro power plant at Sidrapong, near Darjeeling 
in the state of West Bengal as per Alternate Hydro Energy Centre (AHEC, 2003). In 
this footstep, a series of micro hydro power (MHP) projects were also installed in other 
parts of the coimtry. With technology shift towards centralized power generating units, 
coupled with transmission and distribution of electricity, the interest in distributed RE 
system (RES) diminished. In early 1970s, development of RES got significant 
encouragement fi"om government and other organizations. Therefore, power plants 
based on solar thermal and photovoltaic (PV) was installed by Department of Non-
Conventional Energy Sources (DNES) in 1982-83 at Salojipally village in Medak 
district of Andhra Pradesh (DNES, 1986). Subsequently, a number of RESs were 
reported to have been installed in several un-electrified parts of the country based on 
dual fuel (DF) engine-generator sets using diesel as pilot fuel and biogas as the main 
fuel (Gupta, 1991; Ravindranath and Hall, 1995) or 100% producer gas (HPG) (DNES, 
1986, 1987; Ravindranath and Hall, 1995; Ghosh et al, 2004; Mukhopadhyay, 2004); 
MHP plants (DNES, 1987); PV (DNES, 1987; MNES, 1998; Chakarbarti and 
Chakarbarti, 2002; Bhattacharjee, 2004); and small wind electricity generators (DNES, 
1987). 
The energy alternatives have been examined critically in developed countries on 
various aspects namely environmental mechanism; future energy alternatives; green 
electricity marketing and its potential; pricing; and limitation on the eve of open access. 
It discusses objectives in electricity restructuring; the role resources planning in 
forming long range energy environmental policies; feasibility of electricity trading 
mechanisms; green marketing in United States and Australia; green energy offers in 
Canada; and the results of green pricing programs in Europe and the United States. It is 
based on presentations that were made on Renewable Energy in Developed Countries at 
IEEE PES 1997 Summer Meeting in Beriin by M. Fraser (Canada), S. Conners (USA), 
M. Davies (UK), E. Hoh (USA), M. Ellis (Australia), J. Boyer (Canada), and J. 
Markard (Germany) (Hammons et al, 2000). Renewable resources currently account for 
about 10% of the consumed energy of in the United States: most of it comes from small 
hydropower and traditional biomass sources (Bull, 2001). RESs have been installed in 
several other countries with the objectives of providing electricity access, reducing use 
of fossil fuels, protecting envirormient from harmful pollutants emitting from electricity 
generation using fossil fuel. The countries where such systems have been used, are 
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Australia (Lowe and Llyod, 2001); China (Yang, 2003); Peru (Cole, 2003); Malaysia 
(Ajan et al, 2003); South Africa (Winkler, 2005); Brazil (Valente and De Almeida, 
1998; Santos, 2006); and many others in Africa (World Bank, 2000; Turkson and 
Wohlgemuth, 2001; Wamukonya, 2006); Indonesia and Sri Lanka (Wamukonya, 2006); 
and other developing countries of Asia (Mahmud and Ibrik, 2006). RESs have been 
deployed in European countries and the USA also (Bowen et al, 2001; Strachen and 
Dowlatabadi, 2002; Dondi et al, 2002; Williams et al, 2004; Vleuten and Raven, 2006). 
Different RESs have been reported by a number of researchers (Lawland et al, 1994; 
Erickson and Chapman, 1995; Hoff et al, 1996; Sesto and Casale, 1998; Andersson and 
Jacobsson, 2000; Edinger and Kaul, 2000; Ackerman and Soder, 2002; Haas, 2003; 
Bauen et al, 2003; El-Khattam and Salama, 2004; Huttunen and Lampinen, 2005; 
Raineri et al, 2005; Alward, 2006; Allanne and Saari, 2006). Nowadays, satellites may 
be used to introduce REs in metropolises but also help identify the potential areas for 
different resources in different regions, thus helping the planners to include the RE 
power generation during planning phases (Ghayur, 2006). 
Availability of a particular RE source of required magnitude and consistency at an 
isolated place largely determine the satisfactory performance of distributed RES; 
thereby thorough study of RE sources and characteristics of the site becomes important 
(Mani and Rangarajan, 1982; Mani, 1992; Bhattacharya, 1998; Kiranoudis et al, 2001). 
Several barriers are required to overcome before designing and installing RES. These 
include market barriers, economic and financial barriers, technical barriers, institutional, 
political and regulatory barriers, and social and environmental barriers (Painuly, 2001; 
Owen, 2006). It has been also reported that State Electricity Regulatory Commissions 
(SERCs) can introduce measures to further promote RE generation in India (Goyal and 
Jha, 2008). 
Financial viability is one of the important feasibility criteria for a large scale use of RE 
technologies to be compared with other options for consumers. Levelized unit cost of 
electricity (COE) is one of the commonly used indicators for financial evaluation 
(http://www.nrel.org/homer) and comparison of different RE based power supply 
systems (Kandpal and Garg, 2003). The COE is the average cost per kWh of useful 
electrical energy produced by the system. To calculate the COE, the annualized cost of 
producing electricity (the total annualized cost minus the cost of serving the thermal 
load) is divided by the total useful electric energy production. An analysis for 
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estimating COE for various RE based distributed generation technologies in India has 
also been carried out recently by Banerjee (2006). 
Studies on the capital cost of MHP projects in Nepal, Pakistan, Sri Lanka, Peru and 
Zimbabwe have been reported in literatures (Khennas and Bamett, 2000; Rijal, 2000). 
Techno-economics aspects of mini and small hydro projects have also been discussed in 
the report of Retscreen (http://www.retscreen.net). 
The current Chapter 1 gives an introduction to the research to be undertaken 
highlighting its background, recent energy scenario, different RE options available and 
objectives of the work. It also includes methodology adopted i.e. use of software tools 
RETScreen for simulation to execute performance analysis and HOMER for sensitivity 
and optimization analyses. Detailed overviews of the two tools are elaborated with 
validation. 
A literature review of various RE based electricity generation technologies is 
elaborated in the following chapter. 
1.2 Recent Energy Scenario 
In year 2008, the annual primary energy consumption of the worid is 138.8 x 10 kWh 
energy or average power of 1.5 x lO' MW. Nearly 90% of this energy comes from fossil 
fuels and will continue to contribute more than 80% in future also. Nearly 25% of the 
energy is consumed in transportation sector and rest 75% consumed by industries, 
domestic, agricultural and social sectors. The primary energy demand is increased by 
more than 50% since 1980. The annual average rate of growth of energy is 2.2% during 
2004 -30. More than 70% growth will occur in developing countries (Khan, 2009). 
Other current details on RE are available in Table 1.1. 
1.3 Options available 
India is located in the tropical region; gifted with great potential of harnessing RE 
sources of generating more than 100,000 MW from non-conventional sources like wmd, 
solar thermal, solar PV, biomass, ftiel cell, small hydro, geothermal, ocean tidal and 
ocean wave (Khan, 2009). Average wind power available in India is 200 W/m^ 
(http://www.cwet.tn.nic.in). Wind power has a potential 45,000 MW approximately; out 
of which only 11807.00 MW is harnessed as on 31 March, 2010. In case of PV, 2.46 
MW is generated out of total estimated potential of 5,000 MW. Small hydro power (up 
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to 25 MW) has a potential of 15,000 MW; out of which 2735.42 MW is produced. 
Biomass power/cogeneration potential is estimated as 66,000 MW and power generated 
865.60 MW (MNES, 2010) as shown in Table 1.1. Out of total estimated potential 
1,38,000 MW power from renewables as on 31 March 2008, India could able to tap 
15597.58 MW power as on 31 March 2010 (MNES, 2010), which is besides 
decentralized energy system using small PV appliances, solar cookers, family-type 
biogas plants, battery operated vehicles etc. 
1.4 Set Objectives of the Thesis 
The objective of the thesis is to evaluate the performance analysis of independent wind 
energy system (WES), PV and biomass energy systems. The performance analysis is 
carried out also for integrated systems consisting of WES and PV energy system; PV 
and biomass energy systems; WES, PV and biomass energy systems; and hybrid system 
consisting of WES, PV system and diesel engine- generator (DG) set; and PV, biomass 
system and DG set. The following are the objectives of this thesis: 
calculation of energy exported to grid from RE sources 
income from energy export 
Gross and net greenhouse gas (GHG) emission reduction 
GHG reduction income 
Total annual cost 
Total annual saving and income 
Financial viability including simple and equity payback 
Cumulative cash flow 
Sensitivity analysis with sensitivity variables 
Total net present cost (NPC) 
COE of various configurations 
Optimization of various configurations 
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Table 1.1: Renewable energy potential and achievements as 
on 31 March 2010 
S.No. Source/System Estimated 
Potential (as on 
31 March 2008) 
Achievement 
(as on 31 
March 2010) 
A. Power from Renewables 
1. 
2. 
3. 
4. 
5. 
6. 
Solar PV Power 
Wind Power 
Small Hydro Power (up to 25 MW) 
Biomass/ Power Cogeneration 
Biomass Gasifier 
Energy Recovery from Waste 
Total Power from Renewables 
5,000 MW 
45,000 MW 
15,000 MW 
66,000 MW* 
-
7,000 MW 
1,38,000 MW 
2.46 MWp 
11807.00 MW 
2735.42 MW 
865.60 MW 
122.14 MWeq 
64.96 MW 
15597.58 MW 
B. Decentralised Energy Systems 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
Family-Type Biogas plants 
Solar PV Systems 
i) Solar Sfreet Lighting Systems 
ii) Home Lighting Systems 
iii) Solar Lanterns 
iv) PV Power Plants 
Solar Water Heating Systems 
Solar Cookers 
Solar PV Pumps 
Wind Pumps 
Hybrid Systems 
Battery Operated Vehicles 
120 lakh 
20 MW / sq km 
-
-
-
-
1400 lakh sq m 
Collector area 
-
-
-
-
-
42.4 lakh 
88,297 Nos. 
5,83,429 Nos. 
7,92,285 Nos. 
1566kWp 
35.3 lakh sq m 
Collector area 
6 lakh 
7015 No. 
1111 Nos. 
484.68 kW 
212 Nos. 
'^Including biomass gasifier 
Source: MNES, 2010 
Excluding solar home systems (342,607 nos.), solar street lighting systems (54,795 
nos.) and solar lanterns (538,718 nos.) which are estimated to have an aggregate 
capacity of about 22 MWp. 
1.5 Methodology 
The objective of the thesis is achieved by using two simulation software tools namely 
Renewable Energy Technology Screen (RETScreen) Version 4 and Hybrid 
Optimisation Model for Electric Renewables (HOMER). 
1.5.1 Performance Analysis Tool - RETScreen 
The RETScreen International Clean Energy Project Analysis Software is a unique 
decision support tool developed with the contribution of numerous experts from 
government, industry, and academia. RETScreen International is managed under the 
leadership and ongoing financial support of Natural Resources Canada's CANMET 
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Energy Technology Centre - Varennes. The software is capable of analyzing RE, 
cogeneration and district energy, fijll array of financially viable clean power, heating 
and cooling technologies, and energy efficiency measures. 
The significant objectives of the software application are as follows: 
• Development of new models to evaluate energy efficiency measures for residential, 
commercial and institutional buildings; communities; and industrial facilities and 
processes. 
• Calculating of GHG emission from base case power generator and comparing it with 
proposed RE case. Providing income detail from GHG emission reduction due to 
proposed case. 
• Expansion of the RETScreen Climate Database to 4,700 ground-station locations 
around the globe and incorporation of the improved National Aeronautics and Space 
Administration (NASA) Surface Meteorology and Solar Energy Dataset for populated 
areas, directly into the RETScreen software. 
• Integration of the existing RETScreen models for RE (e.g. wind energy) and 
combined heat and power, along with the new models for energy efficiency measures, 
all into one software file, and expansion of the capabilities of existing models to 
evaluate emerging technologies, such as ocean current and wave power. 
1.5.2 Sensitivity Analysis and Optimization Tool - HOMER 
HOMER is one of the world's most powerful and most widely used tools for designing 
hybrid renewable power systems. HOMER simulates and optimises stand-alone and 
grid-connected power systems comprising any combination of wind turbines, PV 
arrays, run-of-river hydro power, biomass power, internal combustion engine 
generators, microturbines, fuel cells, batteries, and hydrogen storage, serving both 
electric and thermal loads. Mistaya Engineering Inc., Canada, has provided software 
engineering, documentation, and technical support for HOMER, for the US National 
Renewable Energy Laboratory (NREL). It simulates the operation of a system by 
making energy balance calculations for each of the 8760 hours in a year. For each hour, 
it compares the electric and thermal demand in the hour with the energy that the system 
can supply in that hour, and calculates the flow of energy to and from each component 
of the system. For systems that include batteries or fuel-powered generators, the 
software also decides, for each hour, how to operate the generators and whether to 
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charge or discharge the batteries. It performs energy balance calculations for each 
system configuration that it is required to consider. It then determines whether a 
configuration is feasible, that is, whether it can meet the electric demand under the 
specified conditions, and estimate the cost of installing and operating the system over 
the lifetime of the project. The system cost calculations account for costs such as 
capital, replacement, operation and maintenance (O&M), fiiel, and interest. 
After simulating all the possible system configurations, it displays a list of 
configurations, sorted by net present cost (also called lifecycle cost), that one can use to 
compare system design options. When sensitivity variables are defined as inputs, the 
software repeats the optimization process for each sensitivity variable that is specified. 
For example, if wind speed is defined as a sensitivity variable, it will simulate system 
configurations for the range of wind speeds that are specified. 
1.53 Validation of RETScreen Off-grid Model compared with 
HOMER Hourly Model 
Mean annual and monthly relative error of 3% and 10%, respectively, are found in 
simulation results. The system configuration is close to the default off-grid 
PV/batteries/genset worked-out example one finds when opening the RETScreen PV 
model. The system modeled is a telecom station located near Neuquen, Argentina 
(latitude 39°S). Horizontal solar radiation and average air temperature are shown in 
Table 1.2 (http://www.retscreen.net). 
Main parameters of the system are: 
• Load: 500 W, continuous, ac load. 
• PV array: 1 kWp mono-Si array; miscellaneous PV array losses are set to 10%, array 
tilted 50° facing north. 
• Battery: 24 V, 2,500 Ah, nominal capacity 80%, round trip efficiency and 40% 
maximum depth of discharge, Cycle charging option; genset runs at full capacity; 
surplus power charges batteries; Set point State of Charge (SoC) option used, which 
means that the genset will not stop charging the battery bank until it reaches the 
specified state of charge. 
• Inverter: 1 kW, 90% average efficiency. 
• Genset: 7.5 kW, with specific ftiel consumption 0.46 L/kWh. 
• Charger efficiency: 95%. 
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The results of the comparison are summarised in Table 1.2. On a yearly basis 
RETScreen predicts slightly less PV energy production than HOMER does (1.404 vs. 
1,480 kWh, or a difference of 5%). Part of this difference (around 2%) is attributable to 
differences in the calculations of incident solar radiation, as shown in the table. 
Contributions from the genset are virtually identical (2,096 L vs. 2,079 L). Overall, 
these differences are insignificant and illustrate the adequacy of the RETScreen PV 
model for pre-feasibility studies. 
Table 1.2: Summary of Calculation Results with RETScreen and HOMER 
Month 
Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec 
Average 
Global 
Solar 
Radiation 
kW/m /^d 
6.33 
5.89 
4.58 
3.36 
2.33 
1.78 
2.00 
2.93 
3.72 
5.28 
6.33 
6.36 
4.23 
Average 
Temp. 
"C 
23.3 
22.0 
18.3 
13.2 
9.2 
6.1 
5.6 
8.0 
11.2 
15.3 
19.3 
22.2 
14.5 
Incident Solar 
Radiation 
kW/m^/d 
HOMER 
4.98 
5.23 
4.99 
4.58 
3.88 
3.23 
3.51 
4.36 
4.34 
5.14 
5.06 
4.83 
4.51 
RETScreen 
4.94 
5.21 
4.82 
4.39 
3.88 
3.27 
3.51 
4.32 
4.17 
4.93 
5.08 
4.81 
4.44 
PV Energy 
Production 
kWh 
HOMER 
139 
132 
139 
124 
108 
87 
98 
122 
117 
143 
137 
135 
1,480 
RETScreen 
129 
123 
127 
114 
106 
88 
98 
119 
110 
132 
130 
127 
1,404 
Genset Fuel | 
Consumption 
L 
HOMER 
164 
141 
172 
170 
187 
191 
195 
175 
176 
169 
166 
174 
2,079 
RETScreen 
172 
152 
173 
173 
186 
189 
191 
178 
176 
170 
163 
174 
2,096 
1.6 Outline of the Thesis 
As mentioned earlier for the present work background, recent energy scenario, options 
available, set objectives of the thesis, and methodology adopted are provided in this 
Chapter 1. The research work carried out for studying performance analysis of various 
RESs. For this purpose load demand of 1.5 MW of a small hilly place Manali is selected 
as a reference load demand. Manali, a town of Himachal Pradesh, India is selected to 
carry out performance analysis of a WES. It is located nearly 570 km from Delhi, 
latitude 32.3 °N, longitude 77.2 °E, at an altitude of 2050 m from sea level. Economy of 
the place is mainly dependent upon travel, tourism, hotels industries, inns, lodging, big 
and small restaurants. Electrical load demand of the area is 1.25 MW (MNES, 2008; 
http://www.tripadvisor.com; http://www.treiin.org). Keeping future expansion in mind, 
the present study is carried for a load of 1.5 MW. On the basis of the same load demand. 
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the simulation work is carried out for different REs at different places suitable for a 
particular RE. 
Chapter 2 presents a literature survey in the area of RE and related topic on simulation 
of RES. The most up-to-date developments in the related areas to the research work 
have been studied and are summarized in this chapter. In its first section, research 
papers on distributed generation of electricity are discussed. The research papers on 
terms used, drivers of RE generation, and initiatives taken in India are discussed in its 
subsection. In second section, literature survey is done on RE based generation and its 
selection which comprises of Indian initiatives of distributed power, small wind 
electricity generator, PV system, and biomass system. In the third section of this 
chapter, research papers on distributed hybrid system are described. In its fourth 
section, papers on optimization of RES are elaborated. In other three consecutive 
sections, literature survey is conducted on software used for simulation of RE, GHG 
emission fi-om RESs and other RE topics. There are a number of literatures available 
which are related to RE such as energy storage, independent RE from fiiel ceil, 
hydrogen and methane, and exergy analysis are also discussed. 
Chapter 3 devotes to performance analysis of WES. It is divided into two parts. In the 
first part of the chapter, financial and emission analysis of a 1.5 MW WES are 
presented as a case study of Manali, Himachal Pradesh, India after a brief introduction 
of the chapter. The simulation results of this analysis are found in the form of electricity 
exported to grid, income from export, GHG emission reduction, income from emission 
reduction and cash flow. In the second part of the chapter, simulation results for WES 
are obtained by sensitivity analysis and optimization technique. The results obtained 
from the sensitivity analysis of the selected WES are operating cost, total NPC and 
COE. Optimization technique suggests the best equipment from NPC viewpoint. 
Chapter 4 provides detail of the performance analysis of PV energy system. It is also 
divided into two parts like analysis of the previous chapter. In the first part of the 
chapter, financial and emission analysis of a 1.5 MW PV energy system are carried out. 
In the second part of the chapter, resuhs from PV system are obtained by sensitivity 
analysis and optimization technique. All the simulation results provide nearly similar 
information as mentioned in the previous chapter. 
Chapter 5 presents performance analysis of biomass energy system. It is again divided 
into two parts. Financial and emission analysis of a 1.5 MW biomass energy system are 
executed to achieve detail of electricity exported to grid, income from export. GHG 
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emission reduction, income from emission reduction and cash flow. In the second part 
of the chapter, simulation results from biomass system are obtained by sensitivity 
analysis and optimization technique of selected biomass energy system in the form of 
operating cost, total NPC and COE. Optimization technique suggests the best 
equipment from NPC point of view. 
Chapter 6 presents performance analysis of different integrated renewable energy 
systems for integration of 750 kW wind and 750 kW PV energy systems; integration of 
750 kW PV and 750 kW biomass energy systems; integration of 750 kW wind and 750 
kW biomass energy systems; and integration of 500 kW wind, 500 kW PV and 500 kW 
biomass energy systems. In case of first three RESs integration, financial and emission 
analysis conducted using RETScreen software tool; and sensitivity analysis and 
optimization are carried out by using HOMER software tool. In case of integration of 
all the three REs wind, PV and biomass energy systems, financial and emission analysis 
are not executed as the software tool RETScreen does not allow integration of more 
than two energy systems. Hence sensitivity analysis and optimization are only 
conducted by using software tool HOMER. 
Chapter 7 presents a sensitivity analysis and optimization of hybrid renewable energy 
system containing WES, PV energy system and DG set. The system is provided with a 
battery bank with provision of keeping a set point value of SoC to ensure energy 
security for an isolated island without affecting batteries conditions adversely. The 
second part of the chapter presents sensitivity analysis and optimization of hybrid 
renewable energy system containing PV, biomass energy systems and DG set in a 
different scenario; where sufficient solar insolation, agricultural waste and biomass are 
available. In this case also battery bank with a set point value of SoC is provided to 
energy security without deep discharging the batteries. A comparison of single RES and 
integrated RESs are elaborated in beginning of the chapter. 
Chapter 8 concludes the thesis by highlighting the unique results, contributions and 
limitations of this thesis and also offers some future avenues for further research work 
in this area. 
At the end of the thesis references are provided in Chapter 9. Some inputs data and 
windows of the software tools given in Appendix. Publication^ are also provided in this 
chapter for this research work. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Distributed Generation of Electricity 
Many countries have changed and deregulated their electrical power sector with the 
objective of creating competition to provide cheaper, cleaner and more reliable 
electricity to their consumers (Allison and Lents, 2002). These regulatory changes has 
brought increasing opportunities for distributed power generation at small scale for 
meeting the requirements of a single house, a community, a commercial activity in an 
efficient way close to the point of demand than main grid connected to a large 
centralized power plant (Raineri et al, 2005; Strachan and Farrell, 2006). More than one 
distributed electricity generating units may also be used within the local distributed 
network without incurring big investment in transmission network (Abu-Sharkh et al, 
2006). 
An extensive study on techno-economics of distributed generation has been carried 
out. A distributed energy technology based on local resource availability can be viable 
alternatives to remote-area electrification with low load factor through the grid 
extension (Sinha and Kandpal, 1991; Billinto, and Karki, 2001; Ramakumar. and 
Chiradeja, 2002; Karki and Billinton, 2003; Ringel, 2004; Schellong, 2006; Tawfik, et 
al, 2006; Nouni, 2006; Soderholm and Sundqvist, 2007; Macleod, 2008). Reddy et al 
(1991) also reported that some distributed/decentralized electricity generation 
technologies are financial attractive as compared to centralized electricity power 
technologies. RE programs to be implemented in India are discussed in detail in 
reported paper (Jebaraj and Iniyan, 2006). 
2.1.1 Terms used in Distributed Renewable Energy System 
A large number of terms are used for small scale electricity generation close to the 
load/consumers such as distributed generation, dispersed generation, embedded 
generation, decentralized generation, stand-alone generation, remote area power supply, 
and isolated generation etc. (Ackermarm et al, 2001; http://wwM'.itdg.org). Remote area 
power supply has been very commonly used as distribute generation in Australia (Lowe 
and Llyod, 2001). The capacity rating of distributed generation systems is generally in 
© Anis Afzal l > 
Chapter 2-Literature Review 2010 
the range of 1 kW to 300 MW (Ackermann et al, 2001; Dondi et al, 2002). Distributed 
generation is defined as an electric power generation which is coupled directly to the 
distribution network or on the consumer side of the network (Peppermanns et al, 2005). 
In some countries like UK, word of 'embedded' generation is used as generators are 
embedded within the distributed system and electricity is fed directly to the distribution 
network instead of feeding to high voltage transmission network (Abu-Sharkh et al, 
2006). The word of 'dispersed' generation is used in North American countries whereas 
'decentralized' generation is common in some part of Europe and Asia. The terms 
'stand-alone' generation and 'isolated' generation are also very commonly used for 
supplying electricity through localized micro grids (http://www.itdg.org). 
2.1.2 Drivers of Renewable Energy Generation 
The main drivers of the increased popularity in RE electricity generation by wind, solar, 
biomass, small hydro and hybrid are due to emergence of cleaner and sustainable 
energy technologies brought along with financial incentives, promotion mechanisms, 
economic and regulatory changes introduced in various countries. According to a study 
of (lEA, 2002), renewed interest in small scale electricity generation are: 
(i) development in distributed electricity generation technologies, 
(ii) difficulties in laying new transmission lines, 
(iii) demand of reliable electricity supply, 
(iv) climate change, and 
(v) liberalization of electric power market. 
In Europe and USA, distributed RES growth has been reported which are due to: 
(i) flexibility in deployment due to their small size, 
(ii) shorter lead time for installation and commissioning, operation and capacity 
expansion, 
(iii) cost effective source of electricity for peak load, 
(iv) minimal cost of transmission and distribution which could be as high as 40%, 
(iii) insurance against volatile prices of electricity, 
(iv) minimal transmission and distribution losses, and 
(v) effective use of locally available cheap primary RE sources such as biomass, biogas. 
landfill gas, etc. (Dondi et al, 2002; Pepermanns et al, 2005; Gulli, 2006). 
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In developing countries, apart from the merits mentioned above, another vital reason 
for promoting distributed RE generation is to provide access to electricity in isolated 
and remote regions (Sinha and Kandpal, 1991; Chaurey et al, 2004; Sihag et al, 2004). 
Extension of utility grid in inaccessible remote locations is economically unviable and 
in some cases physically difficult and unmanageable. 
Another important reason which makes RE famous is carbon dioxide emission from 
fossil fuel power generation and human search for cleaner energy. World carbon 
dioxide emissions are projected to rise from 29.0 billion metric tonne (bt) in 2006 to 
33.1 billion bt in 2015 and 40.4 billion bt in 2030—an increase of 39% over the 
projection period. With strong economic growth and continued heavy reliance on fossil 
fuels expected for most nations other than Organization of Economic Cooperation and 
Development (OECD); much of the increase in carbon dioxide emissions is projected to 
occur among the developing, non-OECD nations according to International Energy 
Outlook (lEO, 2009). 
2.2 Renewable Energy based Distributed Electricity 
Generation and its selection 
It has been reported in lEA 2006 report that RE sources is one of the largest 
contributors to global electricity production. They are accounted for 18% of production 
after 40% of coal and 19% of natural gas, but ahead of 16% of nuclear and 7% of oil. 
Nearly 90% of the electricity generated from RE came from hydro power plants 
followed by 6% combustible RE and waste. A projection of worid marketed energy 
consumption and world electricity generation by fuel from 2006 to 2030 are shown in 
Figure 2.1 and Figure 2.2 respectively. 
A study on evaluation of suitability of different renewable energy sources to keep 
supply to a group of loads in rural area has been reported. For this purpose, a computer 
program with various subroutines has been developed for matching RE sources 
characteristics with rural loads profile cost effectively (Ijumba and Singh, 2004). A 
simple method of evaluating the existing renewable and non-RE technologies has been 
reported. The evaluation method is based on the weights given to the importance of six 
selection criteria: the economic viability; the conversion efficiency; the present level o\' 
the technological development; the environmental impacts; the after-production clean-
up cost; the renewability and abundance of the source (Khoie, 2005). 
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Figure 2.1: World Marketed Energy Consumption 2006-2030 
Source: International Energy Agency, 2006 
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Figure 2.2: World Electricity Generation by Fuel 2006-2030 
Source: International Energy Agency, 2006 
In India and other developing countries, policy makers have taken considerable 
interest in increasing the role of distributed RE in p)ower sector for more than two 
decades. As sizeable population of India carmot be provided electricity by grid 
extension due to technical, geographical, logistic and financial reasons, distributed RE 
generation technologies have been considered as techno-economically viable option. 
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Quantitative analyses have been suggested to determine appropriate expansion of power 
systems when RE sources are also considered, which may be applied specially in 
meeting energy demands in small isolated power systems located in remote areas 
(Ramakumar and Chiradeja, 2002; Karki, et al, 2003). The likely contribution of the RE 
options considered in a study to the projected energy demand for irrigation water for 
pumping. In India, it has been has been outlined in research paper where estimates of 
the associated investment requirements, taking into account the learning effect, have 
also been presented (Purohit and Kandpal, 2006). 
2.2.1 Distributed Power Initiatives in India 
Though history of distributed electricity generation India is more than a century old; the 
interest in RE sources got an impetus during 1970s oil crisis with search for alternative 
energy sources. An impetus was given in 1982 with creation of a separate department of 
DNES by Government of India (GOI) for promotion of distributed generation (DNES, 
1993; AHEC, 2003). To achieve this goal GOI also started a new independent ministry 
MNES to deal all matters related to new and RE sources since 1992. This resulted in 
significant grovrth in new and RE generation power sector. GOI has envisaged 
electrifying remaining villages and all households by 2010 (MOP, 2005a). The country 
is aiming to install more RE systems to contribute 25% of the total energy requirement 
by the year 2020 (Jebaraj and Iniyan, 2006). Some of the specific initiatives have been 
taken during the last five years for encouraging distributed RES with an objective of 
providing electricity access to remote and isolated villages by MNES. Under this 
program, 2197 villages and 594 hamlets have been provided electricity through RE 
based distributed generation as on 31 Dec. 2005 (MNES, 2006). The share of electricity 
generating capacity based on RE has been increasing steadily in India that contributed 
15597.58 MW in 2009-10 (MNES, 2010) as indicated in Table 1.1. The ministry has 
estimated the potential of solar PV, wind, bio-energy and small hydropower as 5,000 
MW, 45 000 MW, 66,000 MW and 15,000 MW respectively. Out of this potential, the 
ministry has installed 2.46 MWp, 11807.00 MW, 865.60 MW and 2735.42 MW through 
solar PV, wind, bio-energy and small hydro respectively (MNES, 2010). This excludes 
solar home systems (342,607 nos.), solar street lighting systems (54,795 nos.) and solar 
lanterns (538,718 nos.) which are estimated to have an aggregate capacity of about 22 
MWp. A chronological history of initiatives and activities undertaken in India for 
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promotion of distributed RE systems are depicted in Table 2.1 of Appendix (DNES, 
1983, 1984, 1986, 1987, 1988, 1990, 1991, 1992; MNES, 1993, 1998, 2002, 2003, 
2004,2006). 
2.2.2 Small Wind Electric Generator System 
A small wind energy generator (SWEG) system (up to 25 MW) for distributed system 
power supply consists of one or more nimibers of wind electric generator(s) each 
mounted on a separate tower at a suitable height, a wind turbine controller to convert ac 
output of wind electricity generator into dc electricity suitable for storage in batteries 
bank, an inverter and balance of system consisting of control panels, interconnecting 
cables, civil works, etc. (Patel, 1999; Manwell et al, 2002; Khan, 2006). Studies of 
simulations indicate that the energy capture of a wind turbine (WT) depends not only on 
the control stotegy but on the wind-speed and Rayleigh distribution. Studies on an 
oscillatory behavior have been observed with high wind speed and the conditions that 
can provoke oscillations in the power delivered by the SWEG (Carrillo, et al, 2004). It 
has been shown in the studies that oscillatory behavior of wind speed may be forecasted 
on short-term basis. The basis for this study is a set of measurements carried out during 
the installing of an isolated wind plant in the Canary Islands (Spain). The simulation 
leads to the conclusion that the hill-climbing method of control results in a greater 
annual energy-output (Arifujjaman, 2008). In another study the support vector machine 
regression algorithm has been suggested which provided accurate predictions of wind 
power and wind speed at 10-min intervals up to 1 h into the future, while the multilayer 
perception algorithm has been found accurate in predicting power over hour-long 
intervals up to 4 h ahead (Kusiak et al, 2009). 
An SWEG significantly differs from large grid interactive wind electricity in many 
ways (Ackermann and Soder, 2002). The differences include: 
(i) the coefficient of performance Cp of the SWEGs is significantly lower as compared 
to large wind turbines; 
(ii) most SWEGs are direct-driven, variable speed systems with permanent magnet 
(PM) generators; 
(iii) speed regulation in the SWEGs is mechanical which allows horizontal or vertical 
furling for controlling power at wind speeds higher than rated wind speed as against 
electronic regulation in large WT; 
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(iv) the SWEGs are more expensive as compared to large WTs in terms of cost per kW; 
and 
(v) back-up power supply is essential for an SWEG for making it a reliable distributed 
power supply source. 
Analysis of the dynamics of a wind-turbine has been suggested using the RPM-Sim 
simulator (Renewable-energy Power-system Modular Simulator), which was developed 
at the NREL's National Wind Technology Center (Muljadi et al, 2000). Studies on the 
capital cost of SWEG projects and COE generated by such projects in the U.S. have 
been reported in the research papers (Forsyth et al, 2000; AWEA, 2005). Performance 
and techno-economic evaluation of SWEG system has been reported as an alternative 
energy source in Indian condition. In the case study, RETScreen software has been used 
to estimate WT power curve data, GHG emission reduction, annual saving, and other 
financial parameters (Afzal et al, 2007). Design of a low-cost micro-controller for a 
small induction-generator based grid-connected WT has been presented in a study. In 
which micro-controller PIC16F877 decides whether to disconnect the system fi-om the 
grid based on the power flow measurement between the WT and the utility grid 
(Ahshan etal, 2008). In another study the integration cost may be defined as the extra 
costs in the rest of the system when wind power is to be integrated with the situation 
without wind power. The result of the study depends on both parameters and the 
methods used. The methods, in order to get some understanding on the impact of 
different modeling have been suggested (Soder and Holttinen, 2008). Design 
optimization of wind power to be integrated with main grid has been reported in 
Thailand where low-medium-wind-speed profile is generally available, investigating 
the impact of the penetration level of wind power generation (Chompoo-inwai et al. 
2008). 
As far as CO2 emission is concerned it has been shown in a study that CO2 emissions 
will be reduced 700-650 g C02/kWh wind produced. The costs for COi abatement b\ 
increasing wind power capacity in Finland seem to be about 20 €/t CO2 for the tirst 
rWh of wind, and when the capacity is further increased the costs also raise gradual!} 
to 35 €/tonne of CO2 (tC02) for the seventh TWh of vv^ ind. If the Finnish industry is able 
to maintain the current market aliares, the exports will be 0.8-1.2 billion € in 2010 if 
the Finnish wind turbine manufacturers were able to get a global market share of 5%>. 
this would more than double the Finnish exports (Holttinen et al, 2002). Yang (2004) 
has outlined the impact of government policy and clean development mechanism 
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(CDM) on wind power development in China. It has been concluded that CDM and 
government preferential policy on value added tax (VAT) would make wind power 
financially viable and popular in China. It would not be wrong if said, 'climate change 
drives WTs in China' (Yang, 2004). It has been reported in other paper also that SWEG 
systems provide electrical energy without GHG emission, therefore, the emission is 
mitigated (Afzal, et al, 2007). 
2.2.3 Photovoltaic System 
PV technology for conversion of solar energy directly into electricity is used for number 
of applications including distributed electricity generation worldwide. A typical PV 
system for distributed power supply consists of a PV array with mechanical support, a 
power conditioning unit consisting of a charge controller and an inverter, storage 
batteries, and balance of system comprising of control panels, interconnecting cables, 
civil works etc. (Markvart, 1994; Bhattacharya, 1998; Khan, 2006). Output of the PV 
array is dc, whereas most of the electrical appliances operate with ac, hence needing 
inverter. 
Studies on techno-economics of solar PV based distributed electricity generation (Roy 
and Gupta, 1996; Chakarbarti and Chakarbarti, 2002; Chaurey et al, 2004,) have been 
reported that the COE firom PV is feasible as compared to grid extension option even in 
remote area. It becomes viable only if the grid is extended by about 20 km. A feasibility 
analysis of PV systems operation shedding and a comparative life cycle cost analysis of 
PV and DG set operation under Indian conditions have been reported (Koner and Dutta, 
1998; Koner et al, 2000, Singh et al, 2005, Afzal et al, 2008). The feasibility of a stand-
alone PV system has been compared with fossil fuel based DG set and it was found that 
PV projects are attractive for daily demand of up to 15 kWh (Koihe et al, 2002). 
An artificial neural network (ANN) approach may be implemented for forecasting the 
performance of electrical energy generated output from a cotmected solar PV system 
used in a remote area (Ashraf and Chandra, 2004). An analog maximum power point 
tracker (MPPT) has been simulated and constructed, the algorithm of which is based on 
maximum power point voltage (MPPV), approximately a fixed percentage of the open 
circuit voltage of the PV panel. It has been observed that maximum power point (MPP) 
changing with atmospheric change and load conditions (Tariq and Asghar, 2005). The 
loss of power is quite high in rapidly changing atmospheric condition, because the 
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controller has to search for new operating point more frequently (Tariq and Asghar, 
2006a). 
Tariq and Asghar (2006b) have suggested use of a separately excited motor in place of 
a costly PM motor for water pumping system. Another simple and cheap analog MPPT 
has been proposed which improves performance of water pumping system under 
adverse insolation condition. Normally PM motors are connected directly with PV 
source to run water pumping system. It is not possible to have same characteristic of a 
motor and PV source under changing weather condition because the characteristic of 
PV source is nonlinear and highly dependant on the weather condition, resulting into 
underutilization of PV source most of the times (Tariq and Asghar, 2007). An on-line 
fuzzy logic-based dynamic search, detection and tracking controller has been developed 
also to ensure MPP operation imder excursions in solar insolation, ambient temperature 
and electric load variations (Altas and Sharaf, 2008). A fuzzy algorithm has been used 
also to make decision so as to connect domestic apparatus on either the electrical grid or 
a PV panel (Salah et al, 2008). While modeling a PV system, regression techniques 
have been suggested to investigate the correlations between daily global solar radiation 
and sunshine duration for different climates in China (Lam et al, 2008). It has been 
suggested to use two commonly used tracking algorithms, namely. Perturb and 
Observation (P&O) algorithm and MPPV algorithm. A fast and accurate method has 
been implemented by using a novel hybrid-tracking algorithm (Tariq et al, 2009). A 
new technique MPPT has been reported which suggests the efficiency of the array may 
further be enhanced using new tracking methods of Pertiirb and Observe (P&O), 
Modified P&O (MP&O) and Estimate-Perturb-Perturb (EPP) methods (Ansari et al, 
2009). These techniques have many drawbacks related to convergence speed, digital or 
analogue implementation, requirement of sensors, cost and range of effectiveness A 
paper has been reported on artificial intelligence-based fuzzy logic control scheme for 
the MPP tracking of a solar PV system under variable temperature and insolation 
conditions. A method has been suggested that a fuzzy logic controller (PLC) applied to 
a dc-dc converter device. The results are found that the PLC exhibits a much better 
behavior (Ansari et al, 2010). 
It has been also reported that residential energy consumption varies tremendously 
across geographic regions due to disparities of access to different energy sources. 
prices, climate, income, and urbanization level. It has been found in rural China that 
energy use patterns is a function of net income, rather than total expenditure, are more 
© Anis Afzal 
Chapter 2-Literature Review 2010 
consistent with the energy transition model (Jiang and O'Neill, 2004). Studies of some 
PV systems implemented for power supply of electricity in unelectrified remote areas in 
Sunderbans in the state of West Bengal and other places (Chakarbarti and Chakarbarti, 
2002; Singh et al, 2005) and in the state of Rajasthan, India (MNES, 2005) have been 
reported. An energy analysis of a PV system for an academic institution of north Indian 
state of Uttar Pradesh has been reported. In this analysis, a load survey has been carried 
out to use as input to the RETScreen software to get estimated energy generated and the 
COE for one year besides providing estimate of collector area, total aimual estimated 
cost, total annual income, GHG emission reduction, carbon trading income due to GHG 
reduction, and cash flow etc. (Afzal et al, 2008). To improve the performance of a PV 
system, it has been suggested to use a transformer to provide galvanic isolation and 
groimding of the PV array in a PV-fed grid-connected inverter so that total harmonic 
distortion and dc component of the current supplied to the grid is low conforming to 
standards like IEEE 1547 (Patel and Agarwal, 2009). For the sake of protection while 
using a PV system a study has been assessed the protection against electric shock in a 
PV generator from the dc side of a PV installation by applying an "active" means. This 
has been conformed to International Electrotechnical Commission 60364, the 
international standard that provides guidelines for wiring in low-voltage electrical 
installations (Hernandez and Vidal, 2009). 
2.2.4 Biomass Gasifier based Power Generation System 
The biomass preparation unit is used to cut the collected biomass to proper size for 
feeding into the biomass gasifier. Once fed into the gasifier, biomass undergoes drying, 
pyrolysis, oxidation and reduction reactions in restricted air supply to produce a 
combustible mixture of carbon monoxide, hydrogen and methane; diluents viz. carbon 
dioxide and nitrogen; and tar and ash. Tar and ash are removed in the cleaning and 
cooling unit of the gasifier system as they adversely affect the operation and 
performance of the engine (Kohli and Ravi, 2003). Zhang (2004) reported that fluidized 
bed gasification technology with oxygen-enriched air suitable for gasifying loose 
biomass materials was developed. The test showed that biomass materials can be 
gasified continuously between 600°C and 750°C. The heating value of wood gas is 
more than 5.8 MJ/Nm''. A biomass gasifier based power generation system essentially 
consists of a biomass preparation unit, a biomass gasifier, a gas cleaning and cooling 
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system, an internal combustion engine suitable for operation either in DF mode with 
diesel as pilot fuel and producer gas as main fuel or HPG mode, an electricity generator 
and a suitable distribution system (Tripathi et al, 1997; Khan, 2006). Engines, which 
use conventional diesel fuel and gaseous fiiel, are referred to as 'DF engines'. Natural 
gas and bio-derived gas appear more attractive alternative fuels for DF engines in view 
of their friendly environmental nature. A pilot quantity of liquid fuel is injected towards 
the end of the compression stroke to initiate combustion. It reveals that 'DF concept' is 
a promising technique for controlling both NO, and soot emissions even on existing 
diesel engine. For part load gas diesel engine operations HC and CO emissions are 
higher. Thermal efficiency of DF engines may be improved either by increasing engine 
speed, or by advanced injecting timings, or by increasing amovmt of pilot fiiel (Sahoo et 
al, 2008; Afzaletal, 2010). 
In HPG mode of operation an appropriate provision is to be made for initiating 
combustion. Use of locally produced bio from non-edible oilseeds as pilot fuel can 'in 
principle' eliminate dependence on diesel especially in remote area, where 
transportation of diesel itself may be a difficult task (Khan, 2006). Whereas, Jain (2006) 
used an open core throatless batch fed rice husk gasifier reactors to find out its gas 
quality, gas production rate, gasification efficiency, specific gasification rate, and 
equivalence ratio for every run on each reactor he experimented. This has been reported 
that fast pyrolysis as the only thermal process that converts biomass directly into a high 
yield liquid. This can be used on site or transported to centralized facilities for 
utilization (Bridgewater, 2007). 
In India, large quantities of straw from wheat and rice field residue are burnt. Such 
burnings result in perturbations to the regional atmospheric chemistry due to emissions 
of CH4, CO, N2O and NOx which have been estimated to be about 110, 2306, 2 and 84 
Gg respectively, from rice and wheat straw burning in India in the year 2000 (Gupta et 
al, 2004). Residue burning causes nutrient and resource loss and adversely affects soil 
properties, thus calling for improvement in harvesting technologies and sustainable 
management of rice-wheat system (RWS). Instead of burning waste and residue from 
RWS, husk and straw may be used as input biomass. It has been reported that India 
produces 3S8 Tg crop residues but only 182 Tg equivalent to 2818 PJ is usable. 
Recycling in digester can produce 20.32 billion m^ biogas. It can be converted into 182 
Tg of biocoal generating 156258.3 billion unit (kWh) electricity. Having less 
environmental consequences, different recycling options can make the crop residue an 
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environmentally sound sustainable energy system (Sarkar, 2007). A paper has been 
reported on DF diesel engine-generation of 800 kW, using rice husk gasifier. The paper 
presented a comprehensive analysis of a traditional energy technology in a new 
perspective. The results of simulation data analyzed in terms of pollution through GHG 
emissions, financial aspects, and suitability of the scheme for under-developed villages 
in developing nations are critical contributions of the paper. It also indicates the 
expected energy generation by the rice husk available in the region (Afzal et al, 2010). 
Development of household biogas has been reported in northern China where biogas 
digester lives through the winter. In order to solve this problem, a model named 'ibur-
in-one' has been proposed by the researcher. A conclusion was reached that the 'four-
in-one' model has effectively prompted the development of biogas in northern China as 
well as providing valuable experience for other developing countries (Wang, 2004). 
Biogas is different from other REs as its importance in controlling and collecting 
organic waste material and at the same time producing fertilizer and water for use in 
agricultural irrigation. Unlike other forms of RE, biogas has no geographical limitation, 
simple technology for producing energy, and non-monopolistic (Giti and Kia, 2005). 
An analysis of a commercial biogas, a form of biomass, generation system has been 
presented by Wang, and Lin (2009), using a gas engine-induction generator set. Field-
measured results and dynamic stability analysis of a commercial 100-kW biogas 
generation system have been presented. 
The prospects of bagasse fermentation for hydrogen production have been studied. It 
seems relevant, as India and Brazil are the major sugarcane producers in the world. The 
results obtained confirm bagasse, aimually generated to a tune of 40 million tonne fmt) 
in India, can be diverted from the conventional burning or composting to fermentative 
hydrogen production for clean energy in a cost-effective way (Singh et al, 2007). The 
economic potential of bagasse cogeneration as CDM projects has been reported with the 
main deliverables of total emission reductions per year and Certified Emission 
Reduction (CER) earnings The results indicated that with the electricity potential from 
bagasse is 260,253 MWh, Indonesia could generate GHG emission reductions as much 
as 240,774 tC02 (large scale) or 198,177 tC02 (small scale) per annum from the 
recently-employed low efficiency cogeneration leading to the earnings of about US 
$1.36 or 1.12 million, respectively (Restuti and Michaelowa, 2007). Bio-energy can 
provide more RE requirements than any other technology (Bridgewater, 2007). 
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Biodiesel, a form of bioenergy, is produced by the reaction of vegetable oil and 
alcohol, can be used with same or with better performance in DG set. High cost and 
non-continuous supply of vegetable oil is the main hurdle for its general acceptance. 
Many advanced countries have developed various methods for getting continuous 
supply of cheap price energy crops (source of biomass). Biodiesel is the only possible 
reciprocal to petro diesel or otherwise diesel engine will be useless after the depletion of 
crude oil. In this study, biodiesel as an energy source has been discussed; this is an 
indigenous diesel engine fuel. Use of biodiesel is beneficial for our environment, 
economy, and more importantly it helps increase the income of our farmers (Khan and 
Dessouky, 2008). 
Studies on different financial and evaluation of biomass gasification have been 
reported in literatures (Baliga and Dassapa, 1991; Jorapur and Rajvanshi, 1993; Tripathi 
et al, 1997; Ghosh et al, 2004; Mukhopadhyay, 2004; Ghosh et al, 2006; Kishore et al, 
2006). Some of the research papers concluded that electricity generation in rural areas 
from biomass is financially not attractive and high value of the COE are due to low 
capacity utilization factor (Kishore et al, 2006; Afzal et al, 2009). It has been also 
reported in that COE generated by a DF biomass gasifier using rice husk as feedstock is 
financially not very attractive as compared to grid electricity (Kapur et al, 1996). 
However the studies concluded that the COE generated from such biomass gasifier 
systems is compared favorably with DG electricity at higher capacity utilization factor. 
A study has been carried out to analyze the economics of eucalyptus plantations for the 
production electricity generation in the east and northeast of Thailand and to judge the 
cost of substituting eucalyptus wood for fossil fuels for electricity production. The 
levelised cost of eucalyptus wood delivered to the factory gate is estimated at 13-18 
USD/fresh ton (1.2-1.7 USD/GJ) (Amatayakul and Azar, 2003). The COE of a 500 kW 
(5 X 100 kW) DF based biomass gasifier running at Gosaba Island of Sundarbans area 
in state of West Bengal in India in July, 1997 with capital subsidy from MNES has been 
found unviable i.e. Indian Rupees (INK) 9.35/kWh in 1999 at about 15% plant load 
factor (PLF) vis-a-vis prevailing electricity tariff of the utility grid in 1999 (Ghoash et 
al, 2004). In another study, unit cost of electricity from DF and HPG based on biomass 
gasifier was found nearly double in Indian context (Ghosh et al, 2006). 
It has also been reported in some studies about the problems facing during the 
installation of distributed biomass generating systems in unelectrified Indian villages of 
Hoshahalli in state of Kamataka (Ravinder and Hall, 1995; Ravindranath et al, 2004) 
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and ChotomoUakhi in Sunderbans in the state of West Bengal (Mukhopadhyay, 2004). 
In Hosahalli the biomass power system has functioned for over 14 yr (1998-2004) 
village (population of 218 during 2003), meeting all electricity needs of village. 
Lighting and piped drinking water supply using biomass electricity was provided for 
over 85% of the days during the past six years. The fuel, O&M cost ranged from INR 
5.85/kWh at a load 5 kW to INR 3.34/kWh at a load of 20 kW. In a proposed case of 
DF generation of 800 kW from a DG set of a slaughter house, Hind Agro Industries 
Limited, Aligarh in the state of Uttar Pradesh, India, the total annual savings and 
income from the proposed case is INR 29,510,449. Simple pay back time is 1.1 yr and 
equity payback is 0.3 yr. Cumulative cash flow is positive throughout from zero to 20 
yr, which indicates that the proposed system is financially very much feasible (Afzal et 
al,2010). 
The possibilities of bioenergy in reducing GHG emissions have been indicated in the 
Final Report 14/2002 of TEKES, National Technology Agency, Technology 
Programme, on Technology and Climate Change CLIMTECH 1999-2002, in Helsinki, 
Finland (Helynen et al, 2002). However, the environmental profile of the electricity 
production from biomass must be assessed to ensure reduce environmental damage. The 
environmental evaluation of a 10 MW pilot plant using rice husk as feedstock has also 
been reported (Chungsangunsit et al, 2004). 
2.3 Distributed Hybrid System 
Both fossil fuel and RE based resources along with required intermediate process used 
for transforming the resource into a form that can be used by energy conversion device 
conveniently. These resource-technology combinations based system is also called 
hybrid renewable energy systems (HRES) depicted in Fig. 2.3 (Nouni, 2006). Some RE 
based hybrid systems are discussed in this section. 
Electrification to rural area is considered uneconomical by many utility companies, 
because of the low consumption and poor load factors. Whereas RE sources, such as 
solar, wind, and mini-hydro, is suitable for supplying small loads operating 
independently. It has been observed that unit COE decreases with increasing load factor 
in case of mini-hydro and solar energy sources and it is lower for the mini-hydro 
sources. In remote areas where grid supply is not economical or not available, mini-
hydro sources may be suitable to supply groups of households, while solar energy 
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sources are more desirable for supplying individual households (Ijumba and Wakesh, 
1996). PV and wind energy sources constitute famous RE based integrated system are 
being increasingly recognized as economical generation sources in small 
isolated/decentralized power systems primarily supplied by costly diesel fuel. 
Deterministic adequacy techniques have not been used for small isolated system to plan 
their generating facilities because their highly erratic behavior of RE sources. Existing 
probabilistic risk methods are not employed too in the small isolated systems despite 
their utilisation in most large power utilities. Both deterministic and probabilistic 
techniques combined have been used. An evaluation of the combination from PV and 
wind energy sources of those systems has been presented to study reliability of the 
systems (Billinto and Karki, 2001). 
A primary objective of HRES design is to evaluate the capacity of the equipments 
used in the system. The impact of resource variations has been reported on actual power 
generation, analyses, and system operation, and develops a model for optimization of 
the system capacities. Different case studies and comparison are performed to validate 
the proposed model (Dong and Chen, 2005). It has been reported that economic aspects 
of these technologies are satisfactorily promising to include them in enhancing power 
generation capacity for developing countries. Methodologies have been suggested to 
model HRES components, HRES designs and their evaluation. The trends in HRES 
design show that the hybrid PV/wind energy systems are becoming popular (Deshmukh 
and Deshmukh, 2008). A comparative study has been made for the two locations for the 
same load demand by simulating HRES. One site is a small remote community of 
Amini in Lakshadweep Islands, located in southern India in the Arabian Sea, where 
solar and/or wind energy is always available throughout the year to provide energy 
security. Another place is a rural township of Hathras, in northern Indian State of Uttar 
Pradesh, where agricultvjral biomass is found in abundance for whole year. To achieve 
the goal of simulation, HOMER software of NREL, USA, is used. Optimization model 
of HRES has been prepared which simplifies the task of evaluating design of off-
grid/standalone system. After simulating all possible system equipments with their 
sizes, a list of many possible configurations may be evaluated and sorted out by NPC to 
compare the design options. An elaborate sensitivity analysis has been used for each 
input variable; the whole optimization process is repeated to get simulated system 
configurations (Afzal et al, 2009). 
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Outside India, the use of RE sources has been reported increasing to achieve a 
sustainable power supply and various projects funded by the European Commission 
which emphasizes integration of RE sources and distributed generation into the 
electricity grid (Schmid et al, 2003). It has been reported that fluctuating nature of 
power output from RE sources causes frequency deviations and reduction in rehabihty 
of the isolated microgrid when large output power from several PV systems is 
penetrated in the utility. A simple coordinated control method by combining power 
output from multiple PV systems has been proposed. To overcome the problems of 
fluctuating nature of RE, output power command is generated in two steps: central and 
local. In central step. Fuzzy reasoning is used to level output power considering 
insolation, variance of insolation, and absolute average of frequency deviation. In local 
step, a simple coordination is maintained between central power command and local 
power commands by producing a common tuning factor (Datta et al, 2009). 
Decentralized 
Generation 
Renewable 
Eneray 
Based 
Generation 
Bionnass > 
Combustion 
Pyt^lysls 
Hydro 
Wind 
Solar 
Fossil Fuel 
Based 
Generation 
DG 
Coal 
Micro Turbines 
Gas Turbines 
Biomass-DG 
Gas Engine 
IC Engine 
Stirling Engine 
Wind Turbine 
wind-DG 
PV Array 
Solar Towers 
with power 
generating unit 
Wemnal Linear Solar 
Concentrators with 
power generating 
unit 
Parabolic dish-
stiriing Engine 
Steam Turbine 
Combination Cycle 
Gas & Steam 
Turbine 
Gas Turbine I 
Fig. 2.3: Decentralized/distributed hybrid renewable energy systems 
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The power quality of a wind-diesel hybrid system may be judged only if all electrical, 
mechanical, and aerodynamic properties (i.e., tower shadow, wind shears, yaw error, 
and turbulence) of the WT are studied. Simulation results have been obtained from the 
model used to judge the power and voltage variations at the WT generator terminals 
under different operating conditions. The effects of tower shadow, wind shears, yaw 
error, and turbulence on the power quality in a stand-alone wind-diesel system utilizing 
a fixed-speed WT have also been studied (Fadaeinedjad et al, 2009). 
Asano and Bando (2006) have reported that Japanese government has formed a policy 
to increase contribution fi-om RE sources, such as wind power and PV generation. The 
fluctuating nature of RE sources causes inferior quality of voltage and frequency. A 
microgrid with controllable prime movers such as gas engines has been suggested to 
keep RE output near to compensate fluctuating demand. Bando et al (2006) have 
compared three different objective functions: minimization of running cost, CO2 
emission, and primary energy consumption. Reconstructing of US electric power 
industry has been emphasized on RE and the policies of the government which affect it. 
The power producers or potential power producers have been asked to consider the 
application RE technologies to provide detail of their economic viability (Cox, et al. 
2006). Sensitivity analysis of PV capacity on the optimal operation of the hybrid 
system has been conducted and found that the break-even initial cost of PV is 200,000 
yen/kW, i.e., its present cost is nearly INR 10000/kW (@ yen 1000 = INR 50 on 
27/7/2009). Electrification of typical rural households and schools in remote areas of 
the far north province of Cameroon has been considered for modeling for 
solar/diesel/battery hybrid power systems. It has been reported in the results that there 
used to be a possibility to increase the access rate to electricity in the province without 
extension of existing grid or providing more thermal plants in the northern grid or 
installing more independent diesel plants (Nfah et al, 2007). 
Large-scale integration of optimal combinations of PV, wind and wave power into the 
electricity supply has been reported. A detail energy model has been carried out using 
computer software named EnergyPLAN. An optimal hybridization of onshore wind 
power has been found nearly 50% of the total RES. When the total RES input is below 
20% of demand, PV should cover 40% and wave power only 10%. When the total input 
is above 80% of demand, PV should cover 20% and wave power 30% (Lund, 2006). 
The integrated system consisting of PV modules, diesel generator, battery bank for 
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energy storage have been suggested for power supply to residential load and reverse 
osmosis desalination unit. ANN controller has been designed to take control ON/OFF 
switch to operate diesel generators to load lightly at less load and high solar radiation 
levels. This reduces fuel dependency, engine wear and tear due to incomplete 
combustion and cut down GHG emission (Al-Alawi et al, 2007). If utility grid is 
available for interfacing with a wind energy conversion system (WECS) a hybrid valve 
switching and control strategy for a voltage-sourced converter (VSC) have been 
suggested to use (Khan and Iravan, 2008). 
The characteristic of a lead-acid batteries used in hybrid solar-wind power generation 
systems works under very specific conditions. Sometime it is very difficult to forecast 
when the energy will be extracted from or supplied to the battery. Due to this 
unpredictable nature, no battery can provide precise model. A simple mathematical 
analysis has been reported to simulate the lead-acid battery function in stand alone 
hybrid solar-wind power generation systems. Different factors have been considered on 
which battery behaviors depend. Those factors are the current rate, the charging 
efficiency, the self-discharge rate, as well as the battery capacity. SoC of the battery has 
been statistically analyzed considering the hourly and the monthly variations as well as 
the probability distributions. The battery working states in the real hybrid solar-wind 
power generation system have been analyzed (Zhou et al, 2008; Afzal et al, 2009). 
Feasibility analysis and suitability of hydrogen fuel cell (FC) technologies have been 
studied for a backup and standby power supply to a remote off-grid village. Industrial 
feasibility study, validating concept of hydrogen assisted RE, system design 
optimization, and its application have been elaborated. A system model and its database 
have been suggested for RE pilot project which provided design detail and its energy 
generation analysis (Wu et al, 2004). As far as FC hybridization is concerned, new 
technologies in the field of RE, have been reported as for example small FCs, flexible 
PV solar cells and human power which are potentially new solutions for sustainable 
energy sources (Mestre and Diehl, 2005). A research paper has been written to evaluate 
economically the use of a FC along with a PV array to be used for domestic 
electrification. The use of a FC is compared to the use of a battery as a way of storage. 
In each case it was found how much money could be saved or lost if RE was used as 
compared to just purchasing electricity from the utility grid (Simoes, 2006). An 
uninterruptible power source has been provided that is able to feed a certain minimum 
amount of power into the grid under all conditions. PV has been used as the primary 
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source of power operating near MPP, whereas the FC section, working as a current 
source, feeding only the deficit power. The quality of power fed into the grid has been 
improved by minimizing the voltage dips in the PV output and also at even a small 
amount of PV power output (e.g., during low insolation), can be fed into the grid. On 
the other hand, excess power has been diverted for auxiliary loads like electrolysis 
equipment, resulting in an optimal use of the energy sources (Jain and Agarwal, 2008). 
In another study the integration of PV, FC and ultra-capacitor (UC) systems for 
sustained power generation has been proposed. The electrolyzer is fed by PV system 
during sufficient insolation to produce hydrogen for future use and delivered energy to 
the load if possible. If the PV system cannot completely meet load demands, then FC 
system delivers power to meet the remaining load. In the next instance if the rate of load 
demand increases the limits of FC capability, the UC bank is available to meet the load 
demand and above that which is provided by PV and FC systems. An FC generation 
device has been introduced in a PV-wind existing plant for supplying 
telecommunication apparatus (Leva and Zaninelli, 2009). 
In another study a load balance model has been suggested to evaluate economic and 
environmental effects of integrating wind power into three typical generation mixtures. 
The results have been indicated that the system operating cost increased by 83%-280% 
(depending on generation mixture) at a wind penetration of 100% of peak demand and 
system emissions decreased by 13%-32% (depending on the generation mixture) at a 
wind penetration of 100% (Maddaloni et al,2009). 
2.4 Optimization of Renewable Energy System 
Research papers on the sizing and optimization of the hybrid systems with RE sources 
have been reported. The classification of HRES according to different criteria has been 
provided with optimization technique linked with existing projects taken as case 
studies. Flexible hybrid system of RE sources for validation of the optimization 
procedures and results have been included in the studies. The fiiture trends for research 
in this area have also been indicated (Notton et al, 2006). Designing complexity of RES 
for wolf researchers at Isle Royale National Park, Michigan, USA. Location and 
weather data have been found of great challenges reported by Meyer et al (2006). 
Optimizing DGs efficiency and integrating RE sources at a high penetration level have 
been considered for a project way in Pare de la Verendrye, Quebec, Canada. Both 
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technical and economical viability of the project have been reported in the research 
paper (Lautier et al, 2007). Design optimization technique has been suggested for a 
solar cooker, with a rear window opening to achieve higher cooking temperature during 
day time. Two or three positions of the side booster mirrors have been proposed to 
change without moving the cooker as a whole. The new design has been experimentally 
implemented and compared with a conventional box type solar cooker. The temperature 
has been sufficiently high to enable the cooker to cook two meals a day besides there 
used to a rear window (Mirdha and Dhariwal, 2008). Optimization of solar array size 
and battery in a standalone PV system has been investigated. The loss of power supply 
probability (LPSP) of the standalone PV system has calculated on the basis energy 
efficiency model of for different size combinations of solar array and battery. The 
optimal size combination has been obtained at the minimum system cost for a particular 
value of LPSP at a given load. The method has been applied in Malaysian weather 
conditions as case study (Shen, 2009). An optimal design model for designing hybrid 
solar-wind systems employing battery banks has been recommended for calculating the 
system optimum configurations. It has been ensured that the annualized cost of the 
systems is minimized while satisfying the custom required LPSP. The proposed method 
has been applied to design a hybrid system to supply power for a telecommunication 
relay station along southeast coast of China. Good complementary characteristics 
between the solar and wind energy have been found, and the hybrid system performed 
very well as expected throughout the year with the battery over-discharge situations 
rarely occurred (Hongxing et al, 2009). 
The impact of RE potential quality on a hybrid PV/wind system (HPWS) size, the 
optimum dimensions of system have been defined for five sites in Corsica Island. Ihe 
simulation results show that the hybrid system is the best option for all the five sites 
with lower levelized COE. Therefore the system performance is found better than PV or 
wind systems alone. It has been indicated that the COE depends largely on the RE 
potential quality. At high wind potential site, more than 40% of the total production 
energy is provided by the wind generator, while at low wind potential sites, less than 
20% of total production energy is generated by the wind generator (Diaf et al, 2008). 
As far as wind generator is concerned, it has been reported that the multibrid wind 
turbine concept has been more cost-effective than the direct-drive concept. The 
optimization results of a 500 kW direct-drive PM generator and a 1.5 MW multibrid 
PM generator with various gear ratios have been compared with the obtained from other 
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methods to show the effectiveness of the developed model. The optimal design 
approach has further employed for a range from 750 kW up to 10 MW (Li et al, 2009). 
Few papers have been reported on genetic algorithm to achieve optimize hybrid 
system. This has been reported that the control strategy of a stand-alone HRES with 
hydrogen storage is optimized using a genetic algorithms. The optimized hybrid system 
may be an RE (wind, PV and small hydro), batteries, FC, ac generator and electrolyzer. 
If the renewable sources produce more energy than the one required by the loads, the 
spare energy can be used either to charge the batteries or to produce H2 in the 
electrolyzer. The control strategy optimizes how the spare energy has been used. If the 
amount of energy demanded by the loads is higher than the one produced by the 
renewable sources, the most economical way to meet the energy deficit has been 
determined using control strategy. The optimization of the various system control 
parameters has been done using genetic algorithms (Dufo-Lopez et al, 2007). The 
application of genetic algorithms in optimization of hybrid system consisting of pico 
hydro system, solar PV modules, DG and battery sets has been reviewed. It is aimed to 
maximize the use of RES while restricting the use of DG. Optimization strategy of the 
system is based on the component sizing and its operational conditions. Genetic 
algorithms programming has been used to evaluate both conditions in minimizing the 
total NPC for optimum configuration. To initiate the solution for the optimization with 
lowest total NPC, random size and strategy have been selected. Sensitivity analysis is 
also performed to optimize the system at different conditions (Sopian, et al, 2008). It is 
found that plaimers do not have tools to support their decision on future energy 
efficiency of buildings, which has considerable impact on urban planning. A new 
method based on a genetic algorithm has been evolved to fill this gap which is used to 
optimize urban forms in mid-latitude climates. The results have been obtained 
indicating adequate urbem planning, based on the consideration of the local radiation 
conditions as a function of latitude. The result has been found significantly better 
building thermal performance (Oliveira-Pana et al, 2008). 
2.5 Literatures on Softwares for Renewable Energy 
The famous three computer models HOMER, Hybrid2, and RETScreen have been 
formulated to design and planning RE power system. A comparison of the three models 
has been done to predict the performance of a grid-connected PV system and a stand-
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alone hybrid PV-intemal combustion engine generator set system. HOMER and 
Hybrid2 are time series models that evaluate energy flows in a power system for each 
time step of a specified period. RETScreen is a software for financial planning that 
forecasts average armual energy flows and uses the predictions in financial calculations. 
The first step of the study is a comparison the capabilities of the three models. The first 
step involved the following steps: comparing the input data requirements of the three 
models, preparing a consistent set of input data for use in each model and comparing 
the performance predictions of the three models. The second step of the study is used to 
examine and compare the three models' economic and financial calculations and third 
phase compares modeling results with the measured data from an actual installed 
system (Oilman, 2007), 
MARKAL software analysis tool has been used for a village-group in western India. It 
has been shown that there is a potential of reducing the electricity demand by about 
18% as compared to the prevailing practice through adopting energy efficiency 
measures. It has been indicated in results that in the studied area, RESs are not likely to 
penetrate deep without government subsidy (Mathur, 2007). 
Commercial simulation software ARENA 10.0 has been used for electricity 
consumption analysis of a base station of global system for mobile communications at 
Izmir Institute of Technology, Campus Area, Urla, Turkey. It has been concluded that 
the optimum PV area, wind turbine rotor swept area, and battery capacity are obtained 
to be 29.4 m ,^ 3.95 m^, 31.92 kWh, respecfively. The HUES cost including auxiliary 
energy cost has been calculated as $370,339. The optimum result has been shown by 
response surface methodology (RSM) which is a collection of statistical and 
mathematical methods which relies on optimization of response surface with design 
parameters. The result obtained by RSM is confirmed using loss of load probability 
(LLP) and autonomy analysis which may be used for calculating size optimization of 
an autonomous PV/wind integrated hybrid energy system with battery storage (Ekren 
and Ekren, 2008). 
The software Long-range Energy Altemafives Planning system (LEAP) is a scenario-
based energy-enviroimient modeling tool. Its scenarios are based on comprehensive 
accounting of how energy is consumed, converted and produced in a given region or 
economy under a range of alternative assumptions on population, economic 
development, technology, price and so on. LEAP provides rich technical analysis and 
end-use detail as per the choice of users. The number of LEAP users approaching 500 
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by the year 2003 with most in the developing world. A new project was launched to 
upgrade the support provided to these users and to encourage a community among 
Southern energy analysts working on sustainability issues. A new web-based 
community called COMMEND was created, with the number of participating LEAP 
users growing to more than 1500 in more than 130 countries by early 2006 
(http://wvvw.energycommunity.org). 
LEAP is capable of doing sophisticated simulation and data structure but LEAP does 
not attempt to estimate the impact of energy policies on employment or gross domestic 
product (GDP), although such models can be run in conjunction with LEAP. Similarly, 
LEAP provides optimum data to identify least-cost scenarios. Important advantages of 
LEAP are its flexibility and simple, which allow decision makers to move rapidly from 
policy ideas to policy analysis without having to resort to more complex models. LEAP 
serves several piuposes: as a database, it provides a comprehensive system for 
maintaining energy information; as a forecasting tool, it enables the user to make 
projections of energy supply and demand over a long-term planning horizon; as a policy 
analysis tool, it simulates and assesses the effects - physical, economic, and 
envirormiental- of alternative energy programs, investments, and actions 
(http://www,energycommunity.org). 
EnergyPRO is a software analysis tool to analyze performance of different RE 
systems. In its first section introduction to the EnergyPRO 3.3 desktop has been given. 
In the rest of the chapter a specific example is used to guide the users through setting up 
first EnergyPRO model and performing calculations. First a simple model including 
some boilers is set up ending up with an energy conversion calculation. In the next 
section this example is elaborated to include a calculation of the operation income. Both 
the energy conversion and the operation, income calculations are made in the design 
module. Finally in the last section the example is extended to an investment analysis of 
a boiler renewal investment using the finance-module, (http://www.emd.dk). 
2.6 Literatures on Emission Mitigation 
A rationale for marketing of green power has been reported, containing a brief overview 
of some of the existing efforts in the United States and other countries. It has been 
attempted to identify the conditions and future trends for survival of RE in the energy 
market on the basis of its reputation as pollution-free energy (Begovic, 2001). It has 
been feared in a paper that in the absence of strict climate change policies, India is 
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likely to go along the conventional fossil fuel path. The same can be true of many other 
developing countries. In some countries, especially developing nations have lack in 
carbon mitigation commitments, The government policies have been reported to be 
important for generating initial technology 'push', before the market would be ready to 
provide the demand 'pull' in future. A review of the RE experience in India has been 
studied to identify barriers of carbon mitigation. Different policy options have been 
considered for India and developed countries, using macro-modeling tools, scenarios of 
the likely penetration of renewable technologies under different climate change 
mitigation policy (Ramana et al, 2001). It is an established fact that there is a growing 
interest in developing RE sources to meet greater demand because of the rising cost of 
fossil fuels like oil and coal, environmental pollution and ever growing concern about 
global warming. An economic evaluation method has been investigated which included 
the effect of enviroiunental penalties on traditional generation, the tax credits for using 
RE sources, distribution and transmission losses, capital investment savings and the 
generation cost credit (Devgan, 2001). Some research papers have been written on the 
policies of developing countries in the global negotiations on climate change. Some 
developing countries have achieved reductions in CO2 emissions that are greater than 
OECD countries as a percentage of their emissions. The CDM has been projected by 
Kyoto Protocol as a tool of encouragement to developing countries for an increase in 
resources and clean technologies and their greater participation in the process. 
Therefore the adoption of RE sources, energy efficiency and others has been adopted in 
developing countries (Goldenberg, 2002). Severe consequences for human health from 
indoor and regional air pollution, acidification due to sulphur and nitrogen oxide 
emissions and climate change due to spiraling GHG emissions have been discussed. 
Hence, there has been a clear need to improve the efficiency and the environmental 
compatibility of fossil technologies, shift to fossil energy sources with lesser 
environmental impacts such as natural gas, or shift away from fossil energy use to 
renewable sources and nuclear power. Such a change would require new large 
infirastructures including natural gas and electricity grids and distribution systems 
(Nakicenovic, 2002). 
The RE sources for Chinese and German power sectors have been assessed for CO2 
mifigation potential of RE teclinologies. Emission in kg/kWh and kg/year from coal-
fired thermal power plants has been estimated for China and Germany. The CO2 
mifigation of emission through RE generation has also been calculated (Imdadullah et 
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al, 2006). Widespread use of fossil fuels for power generation is discouraged due to 
GHG emission to the environment. Development and use of RESs employing a variety 
of technologies have been encouraged; in spite of RESs have themselves adverse 
environmental impact due to land use and material employed, affecting positive 
environmental impact of RESs. Life Cycle Assessment (LCA), a powerful tool, has 
been suggested to use to analyze GHG emission impact (Koroneos and Koroneos, 
2006). 
In India, major barriers are the high investment cost of RES using bagasse 
cogeneration which is far below their theoretical potential despite government subsidy 
program. The CDM provides developed countries with an incentive to invest in 
emission reduction projects in developing countries to achieve a reduction in CO2 
emissions at lowest cost which also promotes sustainable development in the host 
country. This has been reported that bagasse cogeneration projects under the CDM 
directly displace GHG emissions while contributing to sustainable rural development. 
Maximum theoretical as well as the realistically achievable CDM potential of bagasse 
cogeneration in India have been assessed. Annual gross potential availability of bagasse 
in India has been found more than 67 mt. The potential of electricity generation through 
bagasse cogeneration in India is estimated to be around 34 TWh i.e. about 5575 MW in 
terms of the plant capacity. The annual CER potential of bagasse cogeneration in India 
could theoretically reach 28 mt. (Purohit and Michaelowa, 2007). 
In 1980s environmental awareness against acid rain, ozone depletion and global 
climate change became important issues. There has been increasing attention on energy 
utilization and environment. It has been understood that energy production, 
transformation, transport and use, all impact the earth's environment. The environmental 
impacts consisted of thermal, chemical and nuclear emissions are negative effect on the 
processes which provide benefits to humanity. Concerns have been expressed about the 
non-sustainable nature of human activities; and researchers have been trying to develop 
methods for achieving sustainable development (Dincer and Rosen, 2007a). AkelJa 
(2008) has pointed out that RES may be used to regulate the social and economical 
problems besides environmental problems. The results of the study indicate that there is 
reduction of total emission in recent years resulting due to installation of RES in remoic 
areas, which is rising exponentially. 
This has been reported that renewable policy and the increasing number of renewable 
technologies can be penetrated into liberalized markets for power generation and CO2 
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reduction options. Five key aspects of RE sources have been identified. Market 
conformity, compatibility with other poUcies, technological development, effectiveness 
and economic efficiency of the RES support and international coordination and burden 
sharing have been discussed (Huber, 2008). A new and novel way of GHG mitigation 
has been suggested namely Carbon Capture and Storage (CCS) that promises to make 
the GHG emissions fi-om thermal power station fi-ee from carbon; however, the 
technology is still under development. An analysis has been made which highlighted the 
viewpoints and strategies of major political and economic actors towards CCS and the 
future of coal in the German electricity system (Fischer and Praetorius, 2008). A load 
balance model has been also suggested to evaluate economic and environmental effects 
of integrating wind power into three typical generation mixtures (Maddaloni et al, 
2009). 
Post-Kyoto climate change mitigation regimes have been analyzed and their effects on 
sustainable development have been evaluated. Wide ranges of post-Kyoto climate 
change mitigation architectures have different impact on different groups of countries. 
Hence sustainability assessment has been performed for four main groups of countries: 
EU and other Annex-1 countries, USA, Advanced Developing Countries and Least 
Developed Countries. The post-Kyoto climate change mitigation regimes are evaluated 
based on their economical, environmental, social and political impact for different 
groups of countries (Streimikiene and Girdzijauskas, 2009). In Figure 2.4 world carbon 
dioxide emissions are projected from 2006 to 2030. 
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Figure 2.4: World Carbon Dioxide Emissions, 2006-2030 
Source: International Energy Agency, 2006 
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2.7 Literatures on other Topics of Renewable Energy 
There are a number of literatures available which are related to RE such as energy 
storage, independent RE from fuel cell, hydrogen and methane, and exergy analysis as 
stated following. 
As mentioned earlier in this chapter the main shortcoming of an RES is its 
unpredictable nature in terms of generation of energy. This causes the need of storing 
the energy when it is in excess, and then delivering it to the load when energy 
production is less. It has been reported in a paper that a short-term storage, covering less 
than 1 h, offers only a small increase in the amount of electricity that can be absorbed 
by the network. There has been greater energy benefits for storage up to one day, but 
found significantly more costly. Different feasible electricity storage technologies have 
been compared for their operational suitability over different time scales. The value of 
storage in terms of power rating and energy capacity has been investigated so as to 
design appropriate sizing (Barton and Infield, 2006). A cost analysis of grid-connected 
electric energy storage has been discussed. Different energy storage technologies have 
been considered in the analysis. Life-cycle cost analysis has been used to achieve the 
goal. The results have been derived in terms of the cost added to electricity stored and 
discharged, in US $/kWh. These results have been compared with wholesale and retail 
electricity costs and with the cost of conventional pumped hydro storage (Poonpun and 
Jewell, 2008). 
There is a call for new technology for energy conversion and power generation 
required to be more efficient, environmentally friendly, and compatible with alternative 
fuels and RE sources. It has been reported that FCs satisfy the entire said prerequisites 
and are being rapidly developed as one of the primary energy technologies of the future. 
Energy-environment interaction, efficiency of FCs and heat engines, and theoretical and 
practical issues concerning the development and applications of FC technology has 
been discussed in the research papers. Thermodynamic performance of FCs has been 
also analyzed, along with discussion on types of FCs, their current status and future 
energy-environment interaction (Li, 2002). Different processes and possible sources of 
hydrogen production have been discussed in a paper which includes industrial process 
i.e. steam reforming, thermal cracking, partial oxidation of fossil fuel, coal gasification, 
electrolysis, thermochemical etc. Some new emerging processes like PV electrolysis, 
photochemical, photobiological, pyrolysis, etc. have been also been discussed (Kothari. 
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2004). European Union (EU) funded research project titled 'StorHy - Hydrogen 
Storage Systems for Automotive Applications' has been launched in the partnership 
between a number of participating organization under the auspice of the EU Thematic 
Priority 6 program titled 'Sustainable development, global change and ecosystems'. 
This has been reported that integrated project, StorHy, aims to develop robust, safe and 
efficient on-board vehicle hydrogen storage systems suitable for use in hydrogen-
fuelled FC or internal combustion engine vehicles. There are three types of storage 
technologies, i.e. compressed gas, cryogenic liquid and solid materials. The research 
work has been carried out for all the three storage technologies for automotive 
applications. The goal is to develop cheap and environmentally attractive solutions for 
all three storage technologies (Wellnitz, 2008). 
A research paper has been reported on exergy analysis of solar energy, vvdnd power 
and geothermal energy. Exergy is the property of the system, which gives the maximum 
power that can be distracted from the system, when it is brought to a thermodynamic 
equilibrium state from a reference state. The exergy transfer can be associated with 
mass flow, with work interaction and with heat interaction. Dynamic and kinetic exergy 
are two more forms of exergy that exist in RES technology. The exergy analysis has 
been discussed as the actual use of energy from the existing available energy. In 
addition, RE sources have been compared with the non-RE sources on the basis of 
efficiency (Koroneos, 2002). It has been also reported that techniques have been 
developed to combine technical (thermodynamic) and economic (costing) aspect to get 
optimum design. Costing of any energy conversion device provides unit COE. Many 
researchers have recommended that costs are better distributed among outputs if cost 
accounting is based on the thermodynamic quantity exergy. Therefore, it has been 
accepted that exergy, but not energy, is often a consistent measure of economic value 
(Dincer and Rosen, 2007b). 
However the literature survey is done for all types of REs and its related topic, the 
present study is mainly regarding performance, sensitivity analyses and optimization of 
WES, PV and biomass energy systems. The next chapter provides details of analyses of 
WES. 
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CHAPTER 3 
PERFORMANCE ANALYSIS OF WIND 
ENERGY SYSTEM 
3.1 Introduction 
The current chapter presents a performance analysis of WES which has emerged as the 
one most promising renewable energy technologies for generating electricity. The wind 
power program covers survey and assessment of wind resources, implementation of 
demonstration and private sector projects and promotional policies. As of April 2008, 
worldwide wind farm capacity was 100,000 megawatts (MW), and wind power 
produced some 1.3% of global electricity consumption, accounting for approximately 
19% of electricity use in Denmark, 9% in Spain and Portugal, and 6% in Germany and 
the Republic of Ireland. United States is an important growth area and latest figures 
show that installed U.S. wind power capacity has reached 16,800 MW, which is enough 
to serve 4.5 million average households. However, it may be difFicuh to site wind farms 
in some areas for aesthetic or environmental reasons, and seasonal variability introduces 
a challenge in integration of wind power into electricity grids, requiring balancing with 
other technologies such as hydropower (lEA, 2009). 
A total wind power capacity of 11,807 MW has been established up to March, 2010 in 
India. The country is now the fifth largest wind power producer in the world, after 
USA, Germany, Spain and China as reported by Ministry of Non-conventional Energy 
Sources (MNES) in 2009. The MNES has been supporting these programs of wind 
energy systems in private sector projects for more than two decades. In this regard, a 
wind resource assessment program was started in the country in 1985 (Jagdeesh, 2000). 
For this purpose about 1050 wind monitoring/mapping stations were started in 25 states 
and Union Territories (UTs). More than 200 wind monitoring stations in 13 states and 
UTs have been selected for installation of wind power generators. The onshore wind 
power potential has been estimated at about 48,500 MW, assuming 1% land availability 
in potential areas for setting up wind farms @12 ha/MW in sites having wind power 
density greater than 200 W/ sq. m at 50 m hub height (MNES, 2009). Supply fraction of 
wind power on a large grid may be a maximum of 15%-20% without disturbing grid 
stability due to consideration of reactive power (Beurskens and Jensen, 2002). 
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Smaller capacity wind electricity generators have potential to provide decentralized 
power for isolated village having favorable wind regimes. These wind electricity 
generators can either be used to meet the electricity requirement of a single household 
or cluster households by connecting wind electricity generators to a local electricity 
distribution network. The MNES has been actively supporting programs for 
development and installation of water pumping. 
Manali, a town of Himachal Pradesh, India is selected to carry out performance 
analysis of a WES. It is located nearly 570 km from Delhi, latitude 32.3 °N, longitude 
77.2 °E, at an altitude of 2050 m from sea level. It is located in mountainous region of 
Himalaya in northern India; hence weather of Manali is very cold. Minimum wind 
speed is 4.3 m/s in the month of August and maximum of 6.7 m/s in December, annual 
average wind speed beixig 5.8 m/s. Economy of the place is mainly dependent upon 
travel, tourism, hotels industries, inns, lodging, big and small restaurants. Electrical load 
demand of the area Simsa locality of Manali is 1.25 MW (MNES, 2008; 
http://www.treiin.org; http:/www.cleartrip.com). Keeping future expansion in mind, a 
performance analysis is carried for a load of 1.5 MW, using simulating tool RETScreen 
and sensitivity analysis and optimization using HOMER software tool. It is important to 
note that the renewable energy systems are most suitable for such locations, which are 
far off from main grid, where the transmission line construction is a challenging task 
due the rough terrain. Manali could be one such typical location where renewable 
energy technology (RET) could offer feasible solution, hence is chosen for fiirther 
investigation in this thesis. 
3.2 Performance and Emission Analysis of 1.5 MW Wind 
Energy System-case study of Manali, Himachal Pradesh 
A WES is proposed to be installed at Manali, Himachal Pradesh, India because of the 
availability of sufficient wind speed. A performance analysis of 1.5 MW WES is carried 
out using RETScreen software energy model to provide simulation results to evaluate 
the energy production and savings, costs, emission reductions and financial viability for 
various types of RE and energy-efficient technologies (Afzal et al, 2007). 
It is important to emphasize that the load of 1.5 MW is considered throughout the 
analyses of various types of REs. For this purpose a typical load demand of 1.5 MW is 
considered. The information about the proposed case, base load or intermediate load 
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power system may be considered such as FC, gas turbine - combined cycle, geothermal 
power, hydro turbine, ocean current power, PV, reciprocating engine, solar thermal 
power, steam turbine, tidal power, wave power, WT, and other. In the present study an 
energy model of WES is derived for proposed case shown in Table 3.1. Method 1 is 
used, which is a simplified analysis based on WTs power capacity and capacity 
factor. If Method 2 is selected, a further detailed analysis is performed based on annual 
clunate data and wind turbine(s) equipment data. If Method 3 is selected, an even more 
detailed analysis is performed based on monthly climate data and WT equipment data 
The climate data for Manali which is found one the most representative climate 
conditions for the WES project is collected (http://www.nasa.gov). The capacity factor, 
which represents the ratio of the average power produced by the power plant over a year 
to its rated power capacity, is taken as per different standard values provided for various 
systems as shown in Table 3.2. An average value of 30% is considered in the present 
case. 
The simulation results are indicated by energy model of the system, showing 
electricity exported from WES to the grid is 3942 MWh. For projects with an internal 
load, this value is calculated based on the operating strategy. The operating strategy is 
used to help determine the optimal operating strategy for the proposed case power 
system. This method is only an indicator of the profitability of the proposed system. 
The electricity export rate paid by the electric utility or another customer is used. In this 
study energy rate of US Dollar ($) 70 per MWh is considered as per government rate 
provided by Uttar Pradesh Power Corporation Limited (UPPCL), India in 2009. 
The GHG emission reduction potential of the proposed case is estimate in the emission 
analysis section. Some more inputs are added in the financial analysis in order to 
calculate the GHG reduction income or carbon trading. Results are estimated as tCO: 
avoided yearly. This is an optional analysis - inputs used in this calculation do not have 
any affect on the results of other sections, except for the GHG income-related items that 
appear in the financial analysis section (Akella, 2008). To perform the emission 
reduction analysis for the proposed system, it is required to define the baseline system. 
At pre-feasibility analysis stage, a conservative approach may be taken in calculating 
the baseline emission factor for the project. GHG emission factors and electricity 
generation are included in all the analysis. GHG emission factors are variable from year 
to year and from ftiel to fuel. The GHG emission factor, excluding transmission and 
distribution (T«&D) losses for the base case electricity system, is specified as 0.927 
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tC02/MWh. The GHG emission factor is expressed in kgCOi/kWh or in tCOj/MWh 
can be obtained by selecting a country - region and fuel type (Imdadullah et al, 2006). 
As a first estimate, it is acceptable to assume T&D losses of 8% to 10% in modem grids 
in industrialized countries and 10% to 20% in grids located in developing countries. In 
this study a suitable value of T«&;D losses of 20% is considered. This value varies, 
based on the voltage of transmission lines, the distance from the site of energy 
production to the point of use, peak energy use, ambient temperature and electricity 
theft. Moreover, T&D system type (e.g. ac vs. dc) and quality also influence these 
losses. The gross annual reduction in GHG emission is estimated to occur if the 
proposed case is implemented. The calculation is based on the comparison of emissions 
of both the base case and the proposed case systems on an annual basis. The percentage 
of credits (2%) is assumed that will have to be paid annually as a transaction fee. In 
order to obtain credits for a GHG project, a portion of the credits might have to be 
subtracted as a transaction fee, to be paid every year to the crediting agency like United 
Nations Framework Convention on Climate Change (UNFCCC) and/or the host 
country. For CDM projects, 2% fund of CERs generated by each project will be paid 
into an adaptation fund to help particularly vulnerable developing countries adapt to 
climate change (Purohit and Michaelowa, 2007). Projects in under-developed countries 
are exempted from this part of the levy in order to achieve the equal distribution of 
projects. The gross aimual GHG emission is reduced by this percentage to calculate the 
net annual GHG emission reduction, which is 4,477 tCOi-
The calculation of net annual reduction in GHG emission is based on the gross aimual 
GHG emission reduction and the GHG credits transaction fee. The net annual GHG 
emission reduction is compared with units that are easier to conceptualize (e.g. cars & 
light trucks not used). These numbers are based on standard of North American energy 
use patterns. In the present case 4,477 tC02 is equivalent to 910 cars and light trucks 
not used aimually. The income generated by the sale or exchange of GHG reduction 
credits, also known as carbon credits, calculated by annual GHG reduction income is 
included, if any, to the financial analysis. The GHG reduction credit per tC02 is used as 
per current rate. It is estimated in together with the net GHG reduction to calculate the 
annual GHG reduction income. Prices for GHG reduction credits, per tCOa, vary widely 
depend on how the credit generated and delivered. Other factors which have impact on 
carbon credit may include: voluntary or mandatory emissions reduction; private or 
public purchase of credits; credits traded within, other national, transnational, or 
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regional schemes; type of technology used to generate the emissions reductions; and 
others. Price of per tCOz is found approximately $ 20 as of September 2009 (The 
Financial Times, New Delhi, India 20.3.09). 
The initial value of GHG reduction credit rate escalation value is assumed to be 
representative of year 0, i.e. the development year before to the first year of operation 
(year 1). It is escalated yearly according to the GHG reduction credit escalation rate 
starting from year 1 and throughout the GHG reduction credit duration depending upon 
prevailing carbon credit rate. The GHG reduction credit duration of 10 yr is taken, 
which typically represents the number of years for which the project receives GHG 
reduction credits. It is used to evaluate the GHG reduction income over the project 
life. For CDM projects, two options are currently available for the length of the editing 
period (i) a fixed crediting period of 10 yr or (ii) a renewable crediting period of 7 years 
that can be renewed twice (for a maximum credit duration of 21 yr) 
(http://www.retscreen.net). If a crediting period of 10 yr is selected, once the project 
has been validated and registered, CERs can be certified and issued for the 10 yr of the 
project without revisiting the baseline. However, in the case of a renewable 7-yr 
crediting period, the project will have to be validated after each 7-yr period in order to 
receive CERs for the subsequent 7 yr. Therefore, in selecting a crediting period, the 
benefits of the potentially longer crediting period of the renewable crediting period (e.g. 
up to 21 yr) must be weighed against the additional transaction costs of re-validating the 
project after each 7-yr period, and the risk of the project potentially not meeting 
validation requirements at that time. The GHG reduction credit escalation rate is 
considered as 2%, which is the projected annual average rate of increase in the GHG 
reduction credit rate over the project life. The value of GHG reduction credit rate may 
not be necessarily equal to inflation rate. 
A financial analysis is provided for the project evaluated as shown in energy model. 
The financial analysis, with its financial parameters input items e.g. discount rate, debt 
ratio, etc., and its calculated financial viability output items e.g. internal rate of return 
(IRR), simple payback, etc., allows consideration of the project financial parameters. 
These items are used here to calculate in this financial analysis section. The inflation 
rate is taken as 2%, which is the projected annual average rate of inflation over the life 
of the project. The project life 20 yr is selected, which is the duration over which the 
financial viability of the project is evaluated. The project life is dependent upon life 
expectancy of the energy-related equipment, the term of the debt, or the duration ot a 
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power purchase agreement. This method can be used to analyze project life's up to 50 
The project equity is the portion of the total investment required to finance the project 
that is funded directly by the project owner(s). The project equity is deemed to be 
disbursed at the end of year 0, i.e. the development/construction year. It is calculated 
using the total initial costs and the debt ratio. The debt ratio in percent is the ratio of 
debt over the sum of the debt and the equity of a project. The debt ratio indicates the 
financial leverage created for a project; the higher the debt ratio, the larger the financial 
leverage. In this method, the debt ratio is required to calculate the equity investment 
that required financing the project. For example, debt ratios typically range anywhere 
fi-om 0% to 90% with 50% to 90% being the most common. Therefore, in this analysis 
an average value of 70% is considered. The debt interest rate of 5% is used; which is 
the annual rate of interest paid to the debt holder at the end of each year of the term of 
the debt. The debt term of 10 yr is used, which is the number of years over which the 
debt is to be repaid. The debt term is either equal to, or shorter than the project life. 
Generally, the longer the term, the more is the financial viability of an energy project. 
The debt term is used in this model in the calculation of the debt payments and the 
yearly cash flows. The term of the debt is normally in the range of 1 to 20 yr. It should 
not exceed the estimated project life. 
The total initial costs consists of the sum of the estimated feasibility study, 
development, engineering, power system, heating system and cooling system or energy 
efficiency measures and balance of system and miscellaneous costs. They are used as 
inputs in the calculation of the simple payback and the project own initial increment 
(equity) and debt. Each incremental cost which is not considered in any of the other 
initial costs categories is included that required to bring a project to the operational 
stage. To achieve electric generation of 1.5 MW, 6 units of WES of Nordex make, 
model NORDEX N-40.5m are selected from drop down-list of the tool; total initial cost 
as per Indian market rate is taken as $ 3,115,500 vide information from Non-
conventional Energy Development Agency (NEDA) in Sep. 2009 as shown in Table 
3.1. The electricity generated and exported annually to the load/grid is calculated as 
3,942 MWh. For this analysis the financial incentive is taken as zero. It is any 
contribution, grant, subsidy, etc. that is paid for the initial cost (excluding credits) of the 
project. The incentive is deemed to be non-refundable and treated as income during the 
development/construction year 0. Typical initial cost in $/kW is shown in Table 3.3. 
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The O&M costs are the sum of the annual costs that must be incurred to operate and 
maintain the proposed case system, in excess of the O&M cost required by the base 
case system. The total annual costs and the yearly cash flows are calculated using 
O&M. The total calculated aimual costs represent the yearly costs incurred to operate, 
maintain and finance the project. This is the addition of the O&M costs, fuel cost for the 
proposed case and debt payments. The total incremental O&M savings for all the 
energy efficiency measures are selected. O&M saving is treated as zero for the 
simplicity of the analysis. The annual value of fuel cost for the proposed case is also 
escalated at the inflation rate but here it is zero as no fuel is used. 
The debt payments are calculated as $ 282,430 which is the simi of the principal and 
interest paid yearly to service the debt which is a cost but rather an outflow of cash. The 
debt payments axe constant over the debt term, the principal portion increases and the 
interest portion decreases with time; which are calculated using the debt interest rate, 
the debt term and the debt. Therefore, total aimual costs are calculated as $ 282,430 
which is the sum of the O&M savings or costs, fuel cost for the proposed case and debt 
payments. 
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Table 3.1: Energy Model of 1.5 MW wind energy project indicating financial 
analysis and cash flow of proposed case system 
Proposed power case system 
Analysis type 
Wind turbine power capacity 
Manufacturer 
Model 
Capacity factor 
Electricity exported to grid 
Electricity export rate 
Method I 
1,500 kW 
Nordex 6 units 
NORDEX N 29-40.5 m 
30% 
3,942 MWh 
$70 
Initial costs 
Power system 
Other 
Total initial costs 
$3,115,500 
$0 
$3,115,00 
Financial parameters 
Inflation rate 
Project life 
Debt ratio 
Debt interest rate 
Debt term 
2.0 % 
20 yr 
70% 
5.00% 
10 yr 
Annual savings and income 
Fuel cost - base case 
Electricity export income 
SO 
1 $ 275,940 
GHG reduction income -10 yrs i $ 89529 
Total annual savings and Income $ 365,469 
Emission analysis 
Country-Region 
Fuel type 
GHG emission factor 
T&D losses 
GHG emission factor 
GHG emission base case 
GHG emission propose case 
India 
All types 
0.927 tCOz/MWh Excl. T&D 
losses 
20% 
1.159 tC02/MWh Incl. T&D 
losses 
4,568 tCOz 
0tCO2 
Annual costs and debt payments 
O&M (savings) costs 
Fuel cost - base case 
Debt payments -10 yrs 
Total annua! costs 
$0 
$0 
$ 282,430 
$ 282,430 
GHG credits transaction fees 
Net annual GHG emission 
reduction 
Cars & light trucks not used 
GHG reduction credit rate 
GHG reduction credit duration 
GHG reduction credit escalation 
duration 
Gross annual GHG emission 
reduction 
2.0% 
4,477 tCOj 
910 
20 $/C02 
lOyr 
2.0 % 
4,568 tC02 
Financial viability 
Pre-tax IRR - equity 
Pre-tax IRR - assets 
Simple payback 
Equity payback 
16.4% 
3.8% 
8.5 yr 
8.0 yr 
The total annual savings and income represent the annual savings and/or income 
realized due to the implementation of the proposed WES. The total fuel cost for the 
base case is calculated; which is supposed to contain all types of non-RE systems. The 
electricity export income is calculated as US $ 275,940. The annual value of the 
electricity export income is escalated at the inflation rate. The armual GHG reduction 
income is then determined which represents the income generated by the sale or 
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exchange of the GHG reduction. This value is calculated as $ 89,529 from the annual 
net GHG reduction and the GHG reduction credit rate. The yearly value of GHG 
reduction income is escalated at the GHG reduction credit escalation rate. Therefore, 
total annual savings and income is calculated as $ 365,469. 
The results provide various financial indicators for the proposed case such as the pre-
tax IRR on percent equity. This represents the actual interest yield provided by the 
project equity over its life before income tax. It is calculated using the pre-tax yearly 
cash flows and the project life span. It is calculated by finding the discount rate that 
causes the net present value of the equity to be equal to zero. It is also referred to as the 
return on assets (ROA) which is calculated by finding the discount rate that causes the 
net present value of the assets to be equal to zero. Hence, it is not necessary to use the 
discount rate of an organization to represent this as an indicator. The IRR is compared 
to its required rate of return if an organization involved in a project. The IRR is 
calculated on a nominal basis that is including inflation. 
Table 3.2: Capacity factor of various systems 
Technology 
Hydro turbine 
Ocean current power 
Photovoltaic 
Solar thermal power 
Tidal power 
Wave power 
Wind turbine 
Capacity Factor 
40 to 95% 
35 to 40% 
5 to 20% 
20 to 70% 
20 to 65% 
25 to 40% 
20 to 40% 
Source: http://www.retscreen.net 
The simple payback year is calculated, which indicates the length of time that it takes 
for a proposed project to recover its own initial cost, from the income or savings it 
generates. The basic principle of the simple payback method is that the more quickly 
the cost of an investment can be recovered, the more desirable is the investment. A 
negative payback period would be an indication that the annual costs invested are 
higher than the annual savings generated. The simple payback method is not used to 
judge profitability of a project compared to another. It is a calculation of time that it 
indicates how many years are needed to recover the investment for one project 
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compared to another. The simple payback should not be used as the primary evaluator 
to judge a project. It is used as a secondary indicator to evaluate the level of risk of a 
project. 
The year number and the cumulative after-tax yearly net cash flows before the income 
tax are used in order to calculate this value. The cumulative cash flows, which represent 
the net pre-tax flows accumulated from year 0 is calculated. It represents the estimated 
sum of cash that will be paid or received each year during the entire life of the project. 
Table 3.3: Typical total initial cost ($/kW) 
Techaologj' 
Fuel cell 
Gas turbine 
Gas turbine - combined cycle 
Geothermal power 
Hydro turbine 
Ocean current power 
Photovoltaic 
Reciprocating engine 
Solar thermal power 
Steam turbine 
Tidal power 
Wa\^ e power 
Wind turbine 
Average 
12,100 
L700 
1.200 
3,600 
2,200 
-
9,100 
L400 
6,900 
1,100 
4,100 
-
1,900 
Minimam 
9,100 
600 
700 
1,300 
400 
-
7,600 
700 
4,700 
500 
3,500 
-
1,100 
Maxim am 
15,600 
2,800 
1,700 
5,300 
4,700 
-
22,900 
2,100 
8,800 
1,700 
4,600 
-
3,100 
Source: http://www.retscreen.net, 2009 
The cumulative cash flow versus time graph is obtained indicated in graph shown in 
Figure 3.1. Cash flow shows positive trend after 8 yr, is called equity payback and the 
project starts giving profit. 
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Year 
Figure 3.1: 1.5 MW wind energy project indicating financial analysis and cash 
flow of proposed case system 
Sensitivity analysis and optimization studies are carried out for the same load demand 
as per analysis shown in the next section. 
3.3 Sensitivity Analysis and Optimization of 1.5 MW Wind 
Energy System 
After carrying out performance analysis in Section 3.2, optimal analysis using 
sensitivity and optimization techniques are carried out for a WES proposed for the 
installation at Manali, Himachal Pradesh, India. The significant terms and equations 
used in the sensitivity and optimization analyses of 1.5 MW WES using HOMER 
software tool are elaborated below. A basic block diagram of proposed WES is shown 
in Figure 3.2. 
Wind Energy 
System 
GE 1.5sl 
Primary Load 
36 MWh/d 
2.9 MW peak 
AC Bus 
Figure 3.2: Basic block diagram of wind energy system 
The detail block diagram giving more details of a WES is shown in Figure 3.3. A WES 
converts v^nd energy into some form of electrical energy. Small WES is generally used 
for feeding local loads is also known as decentralized, standalone or isolated system. 
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Medium and large size WESs are operated in parallel with main grid. The WT shaft 
speed is stepped up with help of gear arrangement using pitch control. The gear shaft is 
coupled with generator which may be a dc, synchronous or induction generator. The 
interface conditions the generated power suitable for the load/grid quality. It may 
consist of power electronic devices, transformer, converter and filters etc. The fiinction 
of control imit is to monitor and coordinate among various blocks. It receives reference 
voltage and firequency firom grid, wind speed, wind direction and WT speed signals etc. 
and processes them and accordingly controls various components to get optimal energy. 
Wind turbine 
•V-
•/V^ 
) \ 
Gear& 
coupling 
i 
Pitch 
I 
Generaior 
1 I 
— • 
contro 
/ ' ; ' / . / / / " Intcriauc 
Control 
j k 
/ / / » / / / * Load/vjiiu 
<—' 
\ ref^ df^ f^ 
Figure 3.3: Detailed block diagram of a wind energy system (Khan, 2009) 
A map of important places of India is shown in Figure 3.4 which provides information 
regarding locations of the place where RE installation is proposed 
3.3.1 Outputs from Wind Energy System 
Power available in wind, Pa is equal to kinetic energy associated with the mass of 
moving air, given by equation (3.1) (Khan, 2006): 
Pa='/2.p.Ai.Uo^ Watt (3.1) 
Where p = wind density (kg/m^) = 1.2 kg/m^ at 15°C at sea level 
Ai = area through which air passing (m^) 
Uo = speed of free wind in unperturbed state when there is no turbine (m/s) 
The power available in moderate wind of 10 m/s at p equal to 1.2 kg/m at 15°C is 600 
wW. 
The power extracted by the turbine may be written as equation (3.2): 
Pe=4a.(l-a)l['/2.p.Ai.Uo^] Watt 
a= perturbation or interference factor = (Uo-ui)/uo= (uo-U2)/(2uo) 
Uo= upstream wind speed before entering the turbine blades (m/s) 
(3.2) 
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Figure 3.4: Map of India 
ui= wind speed at turbine blades (m/s) 
U2= downstream wind speed after exiting the turbine blades (m/s)"^. 
* ^ 
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There are two most important cost outputs i.e. the total NPC and the levelized COE. 
The cost of the system is spiitted from viewpoint of component. The first output shows 
the annualized capital plus replacement costs, and the second shows annual fiiel plus 
O&M costs. The third shows the total annualized cost, which is the sum of the first two. 
A detailed breakdown of the system costs is shown below: 
The main economic output is total NPC. All systems are ranked according to the total 
NPC calculated using the following equation (3.3): 
Cann, tol 
-NPC" -$ (3.3) 
CRF(i,Rp™j) 
Where Cann.tot= total annualized cost ($/yr) 
CRF( )= capital recovery factor 
i = interest rate (%) 
Rproj = project lifetime (yr) 
The levelized COE is the average cost in $/kWh of useful electrical energy produced 
by the system. To calculate the COE, the annualized cost of producing electricity (the 
total annualized cost minus the cost of serving the thermal load) is divided by the total 
useful electric energy production. The equation (3.4) for the COE is as follows: 
(_/afin, to( — Lboiler.tl(liennal ,-, , . 
COE= — (3.4) 
Hipnin, AC + fc, prim, Edef "I" £gri<), sales 
Where Cann,tot= total annualized cost of the system ($/yr) 
Cboiier= boiler marginal cost ($/kWh) 
Ethermai= total thermal load served (kWh/yr) 
Eprim,AC= ac primary load served (kWh/yr) 
Eprim,DC= dc primary load served (kWh/yr) 
EdeP deferrable load served (kWh/yr) 
Egrid,saies= total grid sales (kWh/yr) 
The second term in the numerator is the portion of the annualized cost that results from 
serving the thermal load. In systems that do not serve a thermal load (Ethermai=0), this 
term will be equal to zero. The NPC is a more reliable number than the COE, because 
total NPC is better economic meter than the COE. The concept of COE is simple 
enough - it's the average cost per kWh of electricity. The value of COE is also 
somewhat arbitrary and disputable whereas same is not applicable to the total NPC. 1 he 
aimualized cost of a component is equal to its annual operating cost plus its capital and 
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replacement costs annualized over the project lifetime. The armualized cost of each 
component is equal to the sum of the following costs: 
• annualized capital cost 
• annualized replacement cost 
• aimual O&M cost 
• annual fuel cost (if applicable, which is zero in the present case) 
The annualized cost is useful for comparing the costs of different components because 
it determines their relative contribution to the total NPC. It also permits a fair cost 
comparison between components with low capital and high operating costs (such as 
DGs) and those with high capital and low operating costs (such as PV arrays or wind 
turbines). 
The other capital cost is annualized in the same way as it does the component capital 
costs, by multiplying by the CRF over the project lifetime. The following equation (3.5) 
is used in the calculation: 
Cacap,other~Ccap,otherCRF(l.Rproj) (3-5) 
Where Ccap,other= other capital cost ($) 
CRF is a ratio used to calculate the present value of an aimuity (a series of equal 
armual cash flows). The equation (3.6) for the CRF is given by: 
N 
CRF(i,N)=-^^^^ (3.6) 
(1+i) -1 
Where N = number of year 
The annualized replacement cost of a system component is the annualized value of all 
the replacement costs occurring throughout the lifetime of the project, minus the 
salvage value at the end of the project lifetime. The annualized replacement cost can be 
negative because it includes the annualized salvage value. 
The following equation is used to calculate each component's annualized replacement 
cost: 
SFF(I,Rcomp)-S.SFF(i,Rproj) 
Where frep, a factor arising because the component lifetime can be different from the 
project lifetime, is given equation (3.7) by: 
. ^ J CRF(i,Rproj)/CRF(i,Rxep), R,ep>0 
"^P 1 0, R.ep=:0 ^^ -^ ^ 
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Crep= replacement cost of the component. 
SFF() = sinking fund factor 
Rcomp= lifetime of the component 
S = salvage value 
The sinking fund factor is a ratio used to calculate the future value of a series of equal 
annual cash flows. The equation for the sinking fund factor is: 
SFF(i,N)= L__ (3.8) 
(1+N) -' 
Rrep, the replacement cost duration in the equation (3.7), is given equation (3.9) by: 
*vep Kcomp-ti^ t i- proj (3.9) 
V^  K.compy 
Where INT() is the integer function, returning the integer portion of a real value. The 
integer function is rounded up, as for example, INT (4.27) = 4, and INT (6.92) = 6. 
This is assumed that the salvage value of the component at the end of the project 
lifetime is proportional to its remaining life. Therefore the salvage value S is given 
equation (3.10) by: 
S = C « p ^ (3.10) 
K.coinp 
Where Rrem, the remaining life of the component at the end of the project lifetime, is 
given by equation (3.11): 
lvem~-Kcomp~(Rproj~iMep) ( 3 . 1 1 ) 
The aimual real interest rate is related to the nominal interest rate by the equation 
(3.12) given below. 
. i'-f 
1= (3.12j 
i - f 
Where i' = nominal interest rate (the rate at which one could get a loan) 
f = annual inflation rate 
The term capacity shortage is used in the results which indicate a shortfall that occurs 
between the required operating capacity and the actual amoimt of operating capacity the 
system can provide. Such shortages are kept on track and the total amount is calculated 
that occurs over the year. The unmet load fraction is the proportion of the total annual 
electrical load that went unserved because of insufficient generation. The equation for 
the unmet load fraction is given below in equation (3.13): 
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lunmet ' 
!<uninet (3.13) 
Where Eunmet^  total unmet load (kWh/yr) 
Ltot= total annual electrical load (primary plus deferrable) (kWh/yr) 
A tabular form of detail of operating reserve, capacity shortage and urmiet load is 
shown in Table 3.4. 
For example, considering a simple system consisting of a 100 kW ac generator serving 
an ac load: 
• If the load is 60 kW and the required operating reserve is 30 kW, the required 
operating capacity is 90 kW and the actual operating capacity is 100 kW, so there is no 
capacity shortage. The generator would operate at 60 kW to meet the load, and the 40 
kW of operating reserve it provides would satisfy the requirement. 
• If the load is 80 kW and the required operating reserve is 24 kW, the required 
operating capacity is 104 kW and the actual operating capacity is 100 kW, so the 
capacity shortage is 4 kW. The generator provides only 20 kW of operating reserve in 
this situation, not enough to satisfy the requirement. 
• If the load is 110 kW and the required operating reserve is 0 kW, the required 
operating capacity is 110 kW and the actual operating capacity is 100 kW, so the 
capacity shortage is 10 kW (and the uimiet load is also 10 kW). 
• If the load is 110 kW and the required operating reserve is 40 kW, the required 
operating capacity is 150 kW and the actual operating capacity is 100 kW, so the 
capacity shortage is 50 kW (and the unmet load is 10 kW). 
Table 3.4: Detail of operating reserve, capacity shortage and unmet load 
Load 
(kW) 
60 
80 
110 
110 
Required 
Operating 
Reserve 
(kW) 
30 
24 
0 
40 
Required 
Operating 
Capacity (kW) 
90 
104 
110 
150 
Actual 
Operating 
Reserve 
(kW) 
40 
20 
0 
0 
Actual 
Operating 
Capacity (kW) 
100 
100 
100 
100 
Capacity 
Shortage 
0 
4 
10 
50 
Unmet 
Load 
(kW) 
-
-
10 
10 
3.3.2 Sensitivity Analysis of Wind Energy System 
The first step to execute simulation is to select various inputs necessary to find out 
results of sensitivity analysis and optimization. Those inputs are shown in Appendix 
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Figure 3.1 for add/remove equipment/component to consider; Figure 3.2 for primary 
load inputs; Figure 3.3 for wind turbine input; Figure 3.4 for wind resource inputs; 
Figure 3.5 for economics inputs; Figure 3.6 for system control inputs; Figure 3.7 for 
emissions inputs; Figure 3.8 for constraints inputs; Table 3.1 for surface roughness 
length of terrain; Table 3.2 for Advanced parameters description; and Table 3.3 for 
constraints value. 
A sensitivity analysis is performed by comparing outputs of multiple values for a 
particular input variable. The optimization process is repetition for each value of that 
variable and which can be seen how the results are affected/varied. An input variable 
for which multiple values are specified, is called a sensitivity variable, which may be 
one or more as required. A sensitivity analysis can be referred to as one-dimensional if 
there is a single sensitivity variable. If there are two sensitivity variables, it is a two-
dimensional sensitivity analysis, and so on. A separate optimization procedure is 
performed for each specified value. Reason of using multiple values for a particular 
input variable is that it might be uncertain about the exact value of some variables. By 
specifying a range of values, it can be calculated how important that variable is, and 
how the answers change depending on its value. It can determine the sensitivity of the 
outputs to changes in that variable. A sensitivity case is a specific combination of 
sensitivity variable values (Sopian et al, 2008). 
As shown in Table 3.5, high, average, and low wind speeds are 6.7 m/s, 5.796 m/s (« 
5.8 m/s), and 4.3 m/s respectively are taken as sensitivity variables. Two life spans of 
WES are 20 yr and 25 yr also considered as sensitivity variables. COE is found to be 
lowest in case of high wind speed of 6.7 m/s, i.e. 0.050 $/kWh for WES life of 20 yr 
and 0.045 $/kWh for 25 yr life span of WES. Reversely, if the wind speed is low at 4.3 
m/s, COE is 0.091 $/kWh for 20 yr life span and 0.082 $/kWh for 25 yr. The renewable 
fraction (fren) is 1 as the portion of the system's total energy production originating from 
RE sources. The renewable fraction is the portion of the system's total energy 
production originating from renewable power sources. The renewable fraction is 
calculated by dividing the total annual renewable power production by the total energy 
production. The equation for renewable fraction is given equation (3.14) by: 
rlren -f- rlren 
t/tot + ritoi 
Where Eren= renewable electrical production (kWh) 
(3.14) 
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Hren= renewable thermal production (kWh) 
Etot= total electrical production (kWh) 
Htot= total thermal production (kWh) 
3.3.3 Optimization results of Wind Energy System 
After simulating all of the possible system configurations, a list of configurations, 
sorted by NPC, that can be used to compare system design options. Optimization results 
for high wind speed of 6.7 m/s and WES life 20 yr are also shown in Table 3.5. The 
results indicate initial capital of $ 3,115,500 with operating cost 60,376 $/yr and total 
NPC $ 3,966,440. The COE is found as 0.050 $/kWh and the capacity shortage 0.68. 
Total NPC is found to be low at $ 3,554,440 for higher project life of 25 yr and COE is 
reduced to 0.045 $/kWh. 
At lowest wind speed 4.3 m/s and WES life of 20 yr results indicate that initial capital 
of $ 3,115,500 with operating cost 60,376 $/yr and total NPC $ 3,966,440 which are 
same except that the capacity shortage is 0.87 and COE 0.091 $/kWh. Optimization 
results are obtained from the sensitivity analysis to judge the feasibility for WES life of 
25 yr at high wind speed 6.7 m/s. The results indicate that initial capital remains same 
as $ 3,115,500 but the operating cost is changed to 31,155 $/yr and total NPC becomes 
$ 3,554,597 which are lesser than data calculated for 20 yr; the capacity shortage is 0.68 
and COE becomes 0.045 $/kWh because of higher wind speed. The number of turbine 
is 1 and renewable fraction 1. 
Table 3.5: Sensitivity results for wind speeds 4.300,5.796, & 6.700 m/s and WES 
life 20 and 25 yr 
Wind 
speed 
m/s 
6.700 
6.700 
5.796 
5.796 
4J00 
4J00 
Project 
Life yr 
20 
25 
20 
25 
20 
25 
No. of 
wind 
turbine 
Initial 
capital 
cost S 
3,115,500 
3,115300 
3,115300 
3,115300 
3,115,500 
3,115300 
Operating 
cost S/yr 
60376 
31,155 
60376 
31,155 
60376 
31,155 
Total 
NPC 
S 
3,966,440 
3354397 
3,966,440 
3354397 
3,966,440 
3354397 
COE 
S/kWh 
0.050 
0.045 
0.058 
0.052 
0.091 
0.082 
Renewable 
fraction 
Capacity 
Shortage 
0.68 
0.68 
0.74 
0.74 
0.87 
0.87 
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3.3.4 Other Simulation results 
Cash flow results for wind speed 5.8 m/s and WES life 20 yr are indicated as shown in 
the Table 3.6 is indicated. There is negative cash flow of $ 3,115,500 which shows the 
initial capital of WES. The negative replacement cost of $ 998,758 after expiry of WES 
life of 20 yr indicates the need of its replacement whereas salvage $ 586,915 shows a 
positive value remaining in a component of the power system at the end of the project 
lifetime. 
Table 3.6: Simulation results indicating cash summary for wind speed 5.8 m/s 
and WES life of 20 yr 
Component 
WES 
Capital (S) 
3,115,500 
Replacement ($) 
998,758 
O&M ($) 
439,097 
Fuels (S) 
0 
Salvage (S) 
586,915 
The production of electrical energy from WES is 5,178,394 kWh/yr and the energy 
consumption by ac primary load 4,829,966 kWh/year as shown in Table 3.7. 
The simulation results evaluate excess electricity produced 348,430 kWh/yr, unmet 
electric load 8,203,102 kWh/yr, and capacity shortage 9,594,032 kWh/yr. 
Table 3.7: Simulation results indicating monthly average electric production for 
wind speed 5.8 m/s and WES life of 20 yr 
Production: Wind turbine 
Consumption: AC primary load 
Excess electricity 
Unmet electric load 
Capacity shortage 
Renewable fraction 
5,178,394 kWh/yr 
4,829,966 kWh/yr 
348,430 kWh/yr 
8,203,102 kWh/yr 
9,594,032 kWh/yr 
1.00 
100% 
100% 
6.7 % 
62.9% 
73.6% 
-
Another type of representation of the simulation results is achieved by data-map CD-
map). It is a type of graph representing hourly data of one year. With time of day on one 
axis and power generated on the other, each hour of the year is represented by tiny 
colored rectangles according to the data value for that hour. The D-map representation 
is much easier to understand the seasonal patterns of RE generation of electricity than a 
simple time series plot. D-view detail data representation of power production by WES 
is shown in Figures 3.5 (a), (b), and (c), which indicate month-wise power variation 
with respect to ac load and excess electricity, month-wise power variation with respect 
© Anis Afzal 
Chapter 3-PerfonTiance Analysis of Wind Energy System 2010 
to wind speed and ac load, and profile of wind speed month-wise separately. A similar 
simulation result may be represented by a D-view can display for wind speed, ac 
primary load, ac primary load served, excess electricity, unmet load, and capacity 
shortage. 
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Figure 3.5 (a): D-map indicating daily electric power production vs ac primary 
load and excess electricity for average wind speed 5.8 m/s and WES life of 20 yr 
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Figure 3.5 (b): D-map indicating electric power production vs ac primary load and 
wind speed for average wind speed 5.8 m/s and WES life of 20 yr 
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Figure 3.5 (c): D-map indicating wind speed daily profile for average wind speed 
5.8 m/s and WES life of 20 yr 
As shown in Figure 3.5 (a), ac primary load varies from 0 in the month of May to 
nearly 2800 kW in March. No excess electricity is available in July, August, and 
September which goes maximum up to 1200 kW in January. In Figure 3.5 (b), month-
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wise power variation with respect to wind speed and ac load. The average wind is found 
less in July, August, and September as shown in Figure 3.5 (c); which shows that the 
wind speed (y-axis) is maximum at the noon time (x-axis) everyday of a year. Wind 
speed is high in the month of November and December; hence production of electricity 
is maximum in these months. 
3.3.5 Emission Analysis 
Reasons of different emissions from pollutants are: 
• the production of electricity by the generator(s) 
• the production of thermal energy by the boiler (which is not used here) 
• the consimiption of grid electricity (for RE systems coimected to the grid) 
Before simulating the power system, the emissions factor (kg of pollutant emitted per 
unit of fiiel consumed) is determined for each pollutant. After the simulation, the armual 
emissions of that pollutant are calculated by multiplying the emissions factor by the 
total armual fiiel consimiption. The emissions factors are directly specified for four of 
the six pollutants: carbon monoxide, unbumed hydrocarbons, particulate matter, and 
nitrogen oxides. Using these values and the carbon and sulfur content of the fiiel, some 
values are available to find the emissions factors for the two remaining pollutants: 
carbon dioxide and sulfiir dioxide. In doing so, three principal assumptions are made: 
1. Any carbon in the fiiel that does not get emitted as carbon monoxide or unbumed 
hydrocarbons gets emitted as carbon dioxide. The carbon fraction of the unbumed 
hydrocarbon emissions is the same as that of the fiiel. 
2. Any sulfur in the burned fiiel that does not get emitted as particulate matter gets 
emitted as sulfiir dioxide. 
As shovra in Table 3.8, the six pollutants (khan 2009, http://www.retscreen.org) are 
causing GHG emission have been calculated. Emission analysis of WES shows that 
GHG emission from carbon dioxide, carbon monoxide, unbumed hydrocarbons, 
particulate matter, sulfiir dioxide and nitrogen oxides is zero for all wind speeds 
throughout of life span of the system. Pollutants originate from the consumption of 
fossil fiiel and biomass in generators as well as from the consumption of grid power. 
Export of power from RE system to the grid results in reduced grid emissions. The 
proposed RE power system is credited with these reductions. It is possible for a RE 
system to achieve negative emissions of one or more pollutants and if it sells abundant 
of low-emissions electricity to the grid. 
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Table 3.8: Pollutants causing emission 
Pollutant 
Carbon Dioxide 
(CO2) 
Carbon 
Monoxide (CO) 
Unbumed 
Hydrocarbons 
(UHC) 
Particulate 
Matter (PM) 
Sulfur Dioxide 
(SO2) 
Nitrogen Oxides 
(NO,) 
Description 
Nontoxic greenhouse gas. 
Poisonous gas produced by incomplete burning of carbon in fuels. 
Prevents delivery of oxygen to the body's organs and tissues, 
causing headaches, dizziness, and impairment of visual perception, 
manual dexterity, and learning ability. 
Products of incomplete combustion of hydrocarbon fiiel, including 
formaldehyde and alkenes. Lead to atmospheric reactions causing 
photochemical smog. 
A mixture of smoke, soot, and liquid droplets that can cause 
respiratory problems and form atmospheric haze. 
A corrosive gas released by the burning of fuels containing sulfur 
(like coal, oil and diesel fuel). Cause respiratory problems, acid 
rain, and atmospheric haze. 
Various nitrogen compounds like nitrogen dioxide (NO2) and nitric 
oxide (NO) formed when any fiiel is burned at high temperature. 
These compounds lead to respiratory problems, smog, and acid 
rain. 
3.4 Conclusions 
Energy model of WES shown in Table 3.1, that 3,942 MWh energy is generated by 
using 1.5 MW WES giving an annual income of $ 275,940. The model concludes that 
the net annual reduction in GHG emissions estimated as 4,477 tC02/yr equivalent of 
910 cars and light trucks not used annually giving total annual savings and income $ 
365,469. Total annual cost is $ 282,430 and equity payback 8.0 yr when cash flows 
become positive and the project starts giving profit. 
Sensitivity results, in Table 3.5, are carried out for wind speeds 4.300 m/s, 5.796 m/s 
and 6.700 m/s and WES life 20 yr and 25 yr. The following conclusions are derived 
from the results: 
• For project life of 20 yr, total NPC $ 3,966,440 is same for all wind speeds but 
COE is minimum of 0.050 $/kWh in case of highest wind speed 6.700 m/s; 
0.058 $/kWh for average wind speed 5.796 m/s; and highest COE of 0.091 
$/kWh for minimum wind speed 4.3 m/s. 
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• Initial capital $ 3,115,500 is same for all project lives and all wind speeds as 
number of wind turbine configured as one, 
• For project lives 20 yr and 25 yr operating costs are 60,376 $/yr and 31,155 $/yr 
respectively. These costs remain same fro all wind speeds. 
• As shown in Table 3.7 production from wind turbine is found 5,178,394 kWh/yr 
(100%), consumption by ac primary load 4,829,966 kWh/yr (100%) and excess 
electricity 348,430 kWh/yr (6.7%). 
In the next Chapter 4, simulation of PV is carried to evaluate performance, sensitivity 
analyses and optimization in different scenario for the same load demand so that a 
comparative study may be executed in a different favorable situation for RE. 
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CHAPTER 4 
PERFORMANCE ANALYSIS OF 
PHOTOVOLTAIC ENERGY SYSTEM 
4.1 Introduction 
In the current chapter performance, sensitivity analysis and optimization studies are 
carried out for PV energy system proposed at Minambakkam. 
India has high solar insolation, making the place good for solar power initiatives. 
Many parts of the coimtry do not have an electrical grid. One of the first applications of 
solar power has been for water pumping (Chaurey et al, 2004); to begin replacing 
India's four to five million diesel powered water pumps, each consuming about 3.5 kW, 
and off-grid lighting. Some large projects have been proposed, and a 35,000 km^ area of 
the Thar Desert has been set aside for solar power projects, sufficient to generate 700 to 
2,100 GW. In July 2009, India unveiled a $19 billion plan to produce 20 GW of solar 
power by 2020. Under the plan, solar-powered equipment and applications would be 
mandatory in all government buildings including hospitals and hotels (Emma Hughes, 
Reuters, July 28, 2009). On 18 November 2009, it has been reported that India is ready 
to lavmch its Solar Mission under the National Action Plan on Climate Change, with 
plans to generate 1,000 MW of power by 2013 (MNES, 2009; 
http://timesofindia.indiatimes.com/india/Indiatargetsl000mwsolarpowerin2013/articles 
how/ 5240907.cms). 
India receives solar energy equivalent to over 5,000 trillion kWh/yr. The daily average 
solar energy mcident varies from 4 -7 kWh/m depending upon the location. The annual 
average global solar radiation on horizontal surface, incident over India is about 5.5 
kWh/m7d. There are about 300 clear sunny days in most parts of the country (MNES, 
2009). Development and installation of PV technologies in India has been getting 
support of the MNES for more than two decades. Production houses of single and 
polycrystalline silicon solar cells and modules have been manufactured in the country. 
A nationwide program for demonstration and utilization of PV systems for house 
lighting, street lighting, stand-alone power plants, and building integrated PV system 
presently being supported by MNES. A total of more than 1.2 million PV systems with 
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an aggregate capacity of about 86 MWp (including grid interactive and standalone PV 
power projects) were reportedly installed as on 31 Dec. 2004 in the country (MNES, 
2005). Standalone PV power plants of aggregate capacity of 1.85 MWp have also been 
installed in the country as on 31 Dec 2004 (MNES, 2005). The estimated achievement 
of solar PV systems installed in India as on 30 Sep 2007 was 2.12 MWp (MNES, 2008) 
and as on 31 March 2010 2.46 MWp (MNES, 2010). A financial feasibility analysis of 
PV systems during urban load shedding and a comparative life cycle cost analysis of 
PV and DG set under Indian conditions have been studied (Koner et al, 2000). 
Economics of solar electricity for rural areas from PV systems in the context of 
developing countries has been also examined. Recent trends in techno-economics of PV 
systems have been reported by Andersson and Jacobsson (2000). Financial viability of 
RE based power generating projects for decentralized application, and especially of PV 
projects (that are still perceived as costlier options) is yet to be established. Financial 
analysis of electricity supplied by PV projects operating in decentralized mode in a 
remote location of Sagar Island in the state of West Bengal in India vis-a-vis other 
options for supplying electricity such as extension of conventional grid and generation 
of electricity from DG sets has been studied by Chakarbarti and Chakarbarti (2002). 
Studies on economics of grid-connected PV systems for various annual sunshine for 
various conditions of USA, European Union and Japan (Lesoud, 2001); technical and 
economic analysis for different sites in Europe and North Africa (Quaschning, 2004) 
and life cycle techno-economic analysis of grid connected PV-house for Turkey (Celik, 
2006) have also been reported. Techno-economic feasibility of supplying electricity to 
remote village in Palestine using PV-systems and diesel generators besides extension 
electricity grid has been examined (Mahmoud and Ibrik, 2006). 
In this chapter also, performance analysis, sensitivity analysis and optimization of a 
PV system are conducted at Minambakkam, located at latitude 13.0 °N and longitude 
80.2 °E at an elevation of 16.0 m having average solar insolation 5.49 kWh/mVd, a 
suburb of Chennai, in the southern Indian state of Tamil Nadu (http://www.nasa.gov). 
The electrical load of the area is comparable to Manali and taken as 1.5 MW so that its 
analysis may be compared with the analysis of RES of Manali, i.e. nearly 1.5 MW 
(http://www.teriin.org). The software tools RETScreen and HOMER are used to 
analyze the performance of PV system in different scenario. 
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4.2 Performance and Emission Analysis of 1.5 MW 
Photovoltaic Energy System 
A PV system is proposed for Minambakkam suburb of Chennai, because of the 
availability of high solar insolation. The following steps are taken for performance 
analysis of a 1.5 MW PV system to obtain a software energy model which can be used 
to evaluate the energy production and savings, costs, emission reductions, financial 
viability of the RESs, using RETScreen software tool. The PV energy flow chan is 
shown in Figure 4.1, giving energy flow calculation steps for on-grid, off-grid and 
water pumping models. 
On-grid modd 
' r 
Calculate inverter losses 
! 
t 
Calculate lack of 
absorption by grid 
Calculate solar radiation 
in plane of PV array 
' 
Calculate energy 
delivered by PV array 
OIT-grid 
' 
model 
r 
Calculate demand met 
directly by PV array 
(matched demand) 
' ' 
Calculate demand met by 
battery 
} ' 
Calculate demand met by 
genset (hybrid system 
only) 
Water pumping model 
' r 
Multiply by average i 
pump/system efficiency 
1 
' ' 
Convert to hydraulic 
energy 
' 
Calculate energy delivered 
Figure 4.1: PV energy model flow chart (Source: http://www.retscreen.org) 
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The PV energy model is used worldwide to calculate the energy production and 
savings, costs, energy exported, GHG emission reductions, financial viability and cash 
flow for central-grid, isolated-grid and off-grid PV projects. The model can be used for 
various types of projects ranging from large scale multi-array central power plants, to 
distributed power systems located on commercial buildings and houses, to industrial 
remote wind-PV-DG hybrid power supplies, to stand-alone battery storage systems for 
lighting. Method 1, provides a simplified analysis, is executed based on PV system 
power capacity and capacity factor as in the case of WES. Method 2 provides a more 
detailed analysis, based on monthly climate data and PV equipment data. 
Crystalline silicon wafers or advanced thin film technologies are used to manufacture 
PV modules. In the former case, single crystal silicon (mono or single-Si), 
polycrystalline silicon (poly-Si) or ribbon silicon (ribbon-Si) wafers are cut into solar 
cells. Generally these modules are designed to deliver dc at slightly over 12 V. A 
typical crystalline silicon module consists of a series circuit of 36 cells, encapsulated in 
a glass and plastic package for protection fi-om the environment and any other 
mechanical injury. Typical conversion efficiencies for common crystalline silicon 
modules are in the 11 % to 15% range as shown in Table 4.1. 
There are four types of advance thin film technologies which are used to manufacture 
active cell materials - cadmium telluride (CdTe), copper indium di-selenide (CIS), 
amorphous silicon (a-Si) and thin film silicon (thin film-Si). Amorphous silicon is in 
commercial production while other three technologies are slowly gaining popularity. 
PV module of a particular type is considered for a specific application. The nommal 
efficiencies of PV modules are presented in Table 4.1 providing a comparative 
simmiary of the different types of modules. The selection of PV module depends on a 
number of factors like price from the suppliers, product availability, warranties. 
efficiencies, etc. 
Table 4.1: Nominal efficiencies of PV modules 
Cell type 
Monocrystalline silicon (mono-Si) 
Polycrystalline silicon (poly-Si) 
Amorphous silicon (a-Si) 
Cadmium tellunde (Cd-Te) 
Copper indium deselenide 
(CIS) 
Default efficiency 
% 
13 
11 
5 
7 
7 5 
Default temperature 
coefncient /°C 
0 004 
0 004 
0 0011 
0 0024 
0 0046 
Source: http://www.retscreen.org 
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PV prices are generally based on end-use application of the PV system. The most 
famous PV project is off-grid/stand-alone application. Water pumping is another 
very important application of PV system, particularly in developing country like 
India. The long term potential for PV is with on-grid application (Chaurey et al, 
2004). 
The power capacity of the proposed PV system of 1.5 MW is used. The 
percentage of the power capacity over the proposed case power system peak load 
is calculated. The nominal percent efficiency of the PV module under 
consideration is used in the simulation. PV modules made of different cell have 
different nominal efficiencies. There are large variations in different make of 
module efficiency within each category depending on the manufacturing processes 
used. The values of the nominal efficiencies of PV modules are chosen in the 
absence of complete data. 
The nominal operating cell temperature (NOCT) in °C is calculated. NOCT is 
defined as the module temperature that is reached when the PV module is exposed 
to a solar radiation level of 800 W/m^, a wind speed of 1 m/s, an ambient 
temperature of 20°C, and at no load. In case of use of some PV module like 
Spherical-Si, the NOCT data is required to be used. The PV module manufacturer 
usually provides the NOCT data sheet. The PV temperature coefficient is 
calculated. The efficiency of PV cells varies with their operating temperature 
which shows a decrease in efficiency as their temperature increases. The PV 
temperature coefficient, i^  (expressed in %/°C), is defined as: 
TlT = TlT41-M(T-Tref)) (4.1) 
Where T|T = the efficiency of the solar cell at temperature T, 
riTrcf = the efficiency of the cell at temperature Tref, 
T - the operating temperature of the module, and 
Tref= the reference temperature (usually 25°C). 
The value of \i depends on the type of cell used. In the absence of the information 
of temperature coefficient the default values found in the nominal efficiencies of 
PV modules are used. The next step is to calculate area covered by the PV area. In 
relatively small PV system, PV array is mounted on a wall which should have less 
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surface area available on the wall. The size should not exceed approximately half 
the total roof area for roof mounted systems. Usually medium and large PV 
systems are ground-mounted, the size of which is limited only by the available 
land area. If the calculated area is more than the available space, a smaller system 
size should be specified under power capacity, or higher efficiency modules 
should be used. 
Miscellaneous array losses include, for example, losses due to the presence of 
dirt or snow on the modules; the typical values of miscellaneous losses range from 
zero to a few percent. In some exceptional circumstances (e.g. very harsh 
environment) this value could be as high as 20%. Typical values of capacity 
factor range from 5% to 20% as indicated in Table 3.1 in Chapter 3. A capacity 
factor of 20% is selected to achieve high average power from PV system. As 
shown in the energy model in Table 4.2 the electricity exported to the grid is 
calculated as 2,628 MWh. The prevailing electricity export rate is taken as $ 70 
per MWh (UPPCL, 2009). Hence income from electricity export is estimated as $ 
183,960. 
This method is only an indicator of the profitability of the selected system. The 
procedure to follow is presented in the emission analysis worksheet flow chart, 
shown in Figure 4.2. which is applicable for a proposed case of 1.5 MW power 
using 10000 PV solar units of BP Solar manufactured, model mono-Si - BP 4150 
S, each generating 150 W of power incurring a total cost of $ 3,000,000 (NEDA, 
2009). Efficiency of PV units is 11.9% and frame area 1.26 m^ 
(http://www.retscreen.org). 
Results of simulation are illustrated in energy model, showing emission from the 
base case power system is 3,045 tC02 and net annual GHG emission reduction due 
to proposed case power system 2,984 tC02 which is equivalent to 607 cars and 
trucks not used or 1,213,294 liters of gasoline not used annually. The emission 
analysis worksheet flow chart is illustrated in Figure 4.2. The cash flow is found 
positive after 2.9 yr of installation of PV energy system in Figure 4.3. 
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Select method I 
Determine if it is a 
potential CDM project 
and, if so, do simplified 
baseline methods 
apply? 
T 
Calculate basline 
emission factor 
according to the 
project type 
I 
Determine if baseline 
changes during project 
life and, if so, modify 
baseline emission factor 
I 
Calculate proposed 
case emission factor I 
Determine if a GHG 
credits transaction fee 
applies I 
Calculate net annual 
GHG emission 
reduction 
Figure 4.2: Emission analysis worksheet flow chart 
Source: http://www.retscreen.org 
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Table 4.2: Energy Model of 1.5 MW PV energy project indicating system design, 
GHG analysis, financial analysis and cash flow of proposed case system 
Proposed power case system 
Analysis type 
PV power capacity 
Manufacturer 
Model 
Capacity factor 
Electricity exported to grid 
Electricity export rate 
Method 1 
1,500 kW 
BP Solar 10000 units 
Mono-Si-BP 4150 S 
20% 
2,628 MWh 
US$70 
Initial costs 
Power system 
Other 
Total initial costs 
$ 3,000,000 
$0 
$ 3,000,000 
Financial parameters 
Inflation rate 
Project life 
Debt ratio 
Debt interest rate 
Debt term 
2.0 % 
20 yr 
70% 
5.00% 
15 yr 
Annual savings and income 
Fuel cost - base case 
Electricity export income 
GHG reduction income - 14 yrs 
Total annual savings and income 
$0 
$ 183,960 
$ 59,686 
S 243,646 
Emission analysis 
Country-Region 
Fuel type 
GHG emission factor 
T&D losses 
GHG emission factor 
GHG emission base case 
GHG emission propose case 
India 
All types 
0.927 tCOj/MWh Excl. 
T&D losses 
20% 
1.159tC02/MWh Incl. 
T&D losses 
3,045 tCOj 
OtCOj 
Annual costs and debt payments 
O&M (savings) costs 
Fuel cost - base case 
Debt payments - 15 yrs 
Total annual costs 
$0 
$0 
$202,319 
$202,319 
GHG credits transaction fees 
Net annual GHG emission 
reduction 
Liters ot gasoline not consumed 
GHG reduction credit rate 
GHG reduction credit duration 
GHG reduction credit CKalation 
duration 
Gross annual GHG emission 
reduction 
2.0% 
2,984 tC02 
Equivalent to 
1,213,294 Its of 
gasoline not 
consumed 
annually 
20 $/tC02 
14yr 
2.0 % 
3,045 tCO: 
Financial viability 
Pre-tax IRR - equity 
Pre-tax IRR - assets 
Simple payback 
Equity payback 
39.7% 
0.8% 
9.2 yr 
2.9 yr 
The inflation rate of 2%, which is the projected annual average rate of inflation over 
the life of the project, is selected. In this analysis, the project life of 20 yr is considered; 
which is the duration over which the financial viability of the project to be evaluated. 
© Anis Afzal 74 
Chapter 4-Performance Analysis of Photovoltaic Energy System 2010 
Depending on circumstances, it can correspond to the life expectancy of the energy-
related equipment, the term of the debt 15%, or the duration of a power purchase 
agreement. An average debt ratio of 70% and debt interest rate of 5% are selected. 
The financial incentive allowing 25% to 50% is contribution, grant, subsidy, etc. that 
is paid for the initial cost (excluding credits) of the project provided by different 
government agencies, (NEDA, 2009). A lower value of 25% of total initial cost is 
considered as the financial incentive and grant. Debt payment is calculated as $ 202,319 
which is for 15 yr term. Other parameters are also calculated, namely GHG reduction 
income $ 59,686, total armual savings and income $ 243,646, pre-tax IRR equity 39.7%, 
Pre-tax IRR assets 0.8%, simple payback 9.2 yr, equity payback 2.9 yr. 
Sensitivity analysis and optimization technique applied to find the optimal andysis of 
the same PV energy system for the site, are elaborated in the next section. 
Year 
Figure 4.3: Cumulative cash flows of PV energy system 
4.3 Sensitivity Analysis and Optimization of 1.5 MW 
Photovoltaic Energy System 
The first step to carry out simulation is to provide various inputs necessary to find 
out results of sensitivity analysis and optimization. Those inputs are shown in 
Appendix as Figure 4.1 for PV inputs; Figure 4.2 for battery inputs; Figure 4.3 for 
converter inputs; and Figure 4.4 for solar resource inputs. Other inputs like 
economics, system control and constraints are same as mentioned in Subsection 
3.3.2 of Chapter 3. 
After conducting performance analysis in the previous section, sensitivity 
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analysis and optimization are used to find out optimal system in this section. 
Detail of the technique of sensitivity analysis and optimization is already 
mentioned in Chapter 3, section 3.3 in reference to WES. The analyses are used to 
simulate a stand-alone PV energy system indicated as a basic block diagram shown 
in Figure 4.4. PV array is connected to a MPPT which consists of a dc/dc 
converter, dc/ac converter connected to the load, and a digital controller 
controlling the duty ratio of the dc/dc converter to achieve maximum power from 
PV system. The MPPT senses the voltage and current outputs of the array and the 
operating point is achieved to extract maximum power from dc/dc converter under 
a particular weather/insolation condition. The output from the dc/dc converter is 
fed to a dc/ac converter to get ac power going to the load as sown in detailed block 
diagram in Figure 4.5. 
A clamped PV array controller is a direct connection between the array and the 
batteries; in this configuration the array operates at the voltage set by the battery 
bank. This may not be the optimal voltage for the array and therefore it has low 
efficiency. The MPPT is often combined with other electronic devices such as the 
charge controller for off-grid systems (on-grid systems include a MPPT as part of 
the inverter). If the MPPT is not combined with another device, its efficiency 
should be accounted for separately in the miscellaneous losses. MPPT is used to 
maintain the operating voltage of the array at a value that maximises array output, 
regardless of changes in load impedance or changes in array operating conditions 
due to variations in temperature or insolation, as illustrated in Figure 4.5. If new 
technique MPPT is used, the efficiency of the array may further be enhanced using 
different tracking methods of P&O, MP&O and EPP methods (Ansari et al, 2009) 
and by using FLC (Ansari et al, 2010). 
A detailed block diagram of PV energy system with MPPT is shown in Figure 4.5. 
In this analysis MPPT is not considered. Results of the simulation are shown in 
Table 4.3, 4.4, and 4.5. The PV array output is calculated using equation (4.2). 
Details of converter rating (kW), initial capital ($), operating cost ($/yr), total 
NPC ($), and COE ($/kWh) have already discussed in Subsecfion 3.3.1. 
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Figure 4.4: Basic block diagram of PV energy system 
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Figure 4.5: Detailed block diagram PV energy system with MPPT con? 
4.3.1 Outputs from Photovoltaic Array 
The output of the PV array is given by the following equation: 
Ppv=Ypvfpv(=^^)[l+ap(Tc-Te,sTc)] (4.2) 
GT.STC 
Where Ypv = rated capacity of the PV array in kW under standard test conditions. PV 
manufacturers rate the power output in of their PV modules at standard test conditions 
(STC), meaning a radiation of 1 kWW, a cell temperature of 25°C, and no wind. 
Standard test conditions do not reflect typical operating conditions, since full-sun cell 
temperatures tend to be much higher than 25°C. 
fpv = PV percent derating factor, is a scaling factor that is applied to the PV array power 
output to account for reduced output in real-world operating conditions compared to the 
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conditions under which the PV panel is rated. The derating factor is used to represent 
for such factors as soiHng of the panels, wiring losses, shading, snow cover, aging, and 
soon. 
GT = solar radiation incident on the PV array in the current time step in kW/m^ 
GT.STC = incident radiation at standard test conditions i.e.l kW/m 
ttp = temperature coefficient of power (%/°C). The temperature coefficient of power 
indicates how strongly the PV array power output depends on the cell temperature, 
meaning the surface temperature of the PV array. It is a negative number because power 
output decreases with increasing cell temperature. Manufacturers of PV modules 
usually provide this coefficient in their product brochures, often labeled either as 
temperature coefficient of power, power temperature coefficient, or max. power 
temperature coefficient. 
Tc = PV cell temperature in the current time step in °C 
Tc,sTc ^ PV cell temperature imder standard test conditions i.e., 25 °C. PV manufacturers 
rate the power output of their PV modules at STC, meaning a radiation of 1 kW/m^, a 
cell temperature of 25°C, and no wind. 
As far as cost is concerned, all the cost outputs NPC, COE, CRP, salvage value, and 
interest rate etc. are already explained in Section 3.3.1, Chapter 3. 
4.3.2 Sensitivity Analysis of Photovoltaic Energy System 
A sensitivity analysis is performed by entering the multiple values of a PV capital 
multiplier (1 and 0.8) and PV replacement multiplier (1 and 0.8). Capital cost of PV 
system is taken as $ 2000/kW and replacement cost as $ 1800/kW (NEDA, 2009). 
Another sensitivity variable is project life (20 and 25 yr). The sensitivity results are 
shown in Table 4.3, which indicate converter capacity (kW), initial cost, operating cost, 
total NPC and COE. It can be seen from the result that COE is minimum of 0.063 
$/kWh when PV capital muhiplier is 0.8 and replacement multiplier 1 and project life 
25 yr. COE is also minimum when both capital and replacement multipliers are 0.8 and 
project life 25 yr. COE is maximum of 0.086 $/kWh when both the cost the multipliers 
are 1 and projects life is 20 yr. Other values of COE in ascending order are 0.071, 
0.073, and 0.084 $/kWh resulting from different sensitivity variables. As only RE used 
in the analysis, renewable fraction is 1. A capacity shortage of 90% is taken as a 
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shortfall that occurs between the required operating capacity and the actual of operating 
capacity the system can provide. 
Table 4.3: Sensitivity results of PV energy system with capital cost multiplier 1 & 
0.8, replacement cost multiplier 1 & 0.8, and PV life of 20 and 25 yr 
PV 
Cap. 
Mult 
1.00 
1.00 
1.00 
1,00 
0.80 
0.80 
0.80 
0.80 
PV Repl. 
Mult 
1.00 
1.00 
0.80 
0.80 
1.00 
1.00 
0.80 
0.80 
PV Life 
(yr) 
25 
20 
25 
20 
25 
20 
25 
20 
PV 
(kW) 
1700 
1700 
1700 
1700 
1700 
1700 
1700 
1700 
Conv. 
(kW) 
1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 
Initial Capital 
($) 
2,681,000 
2,681,000 
2,681,000 
2,681,000 
2,170,800 
2,170,800 
2,170,800 
2,170,800 
Operating 
Cost ($/yr) 
17,000 
43,253 
17,000 
38,002 
17,000 
43,253 
17.000 
38,002 
TottI 
NPC ($) 
2,920,597 
3,290,603 
2,920,597 
3,216,602 
2,410,397 
2,780,403 
2,410,397 
2,706,402 
COE 
($/kWh) 
0.077 
0.086 
0.077 
0.084 
0063 
0073 
0063 
0.071 
4.3.3 Optimization results of Photovoltaic Energy System 
After simulating all of the possible system configurations, a list of two configurations is 
displayed, sorted by NPC that can be used to compare system design options as shown 
in Table 4.4. For both sensitivity variables, PV capital and replacement multipliers 
values of 0.8 and project life of 25 yr, NPC $ 2,410,397, the system is configured for 
PV system (1700 kW) and converter (1300 kW). The initial capital is $ 2,170,800, 
operating cost 17000 $/yr and COE 0.063 $/kWh. In the second optimal (actually non-
optimal) system the value of NPC is $ 2,411,837. The system consists of PV system 
(17000 kW), converter (1300 kW), and one battery Surrette (S4KS25P), Rolls/Surrete 
make, with nominal capacity of 1900 Ah, nominal voltage 4 V, maximum charge 
current 67.5 A (http://www.rollsbattery.com). The initial cost and operating cost are 
nearly same as before i.e. $ 2,171,600 and 17,045 $/yr respectively and COE same as 
before i.e. 0.063 $/kWh. The optimized values of NPC and COE are minimal for the 
particular sensitivity variables; if there is any change in the variable values, NPC and 
COE do not remain minimal. 
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Table 4.4: Optimization results for PV capital cost multiplier 0.8, PV replacement 
cost multiplier 0.8 and PV life 25 yr 
PV (kW) 
1700 
1700 
Battery 
-
1 
Conv. 
(kW) 
1300 
1300 
Initial 
Capital 
2,170,800 
2,171,600 
Operating 
Cost ($/yr) 
17,000 
17,045 
Total 
NPC ($) 
2,410,397 
2,411,837 
COE 
($/kW) 
0.063 
0.063 
Renewable 
Fraction 
1.00 
1.00 
Capacity 
Shortage 
0.90 
0.90 
After simulating all of the possible system configurations, again a list of two 
configurations is displayed, sorted by NPC that can be used to compare system design 
options as shown in Table 4.5. For sensitivity variables, PV capital and replacement 
multipliers values of 1 and project life of 20 yr, the optimal value of NPC is $ 
3,293,603. The system is configured for PV system (1700 kW) and converter (1300 
kW). The initial capital is $ 2,681,000, operating 43,253 $/yr and COE 0.086 $/kWh, 
which is maximum as already illustrated Table 4.3 also. For non-optimal value of NPC 
$ 3,292,043, the system consists of PV system (17000 kW), converter (1300 kW), and 
one battery (S4KS25P). The initial capital and operating cost are nearly same as earlier, 
i.e. $ 2,681,800 and 43,298 $/yr respectively and COE same as before i.e. 0.086 $/kWh. 
Table 4.5: Optimization results for PV capital cost multiplier 1, PV replacement cost 
multiplier 1 and PV life 20 yr 
PV 
(kW) 
1700 
1700 
Battery 
S4KS2SP 
-
1 
Conv. 
(kW) 
1300 
1300 
Initial 
Capital 
2,681,000 
2,681,800 
Operating 
Cost 
($/yr) 
43,253 
43,298 
Total 
NPC ($) 
3,293,603 
3,292.043 
COE 
($/kWh) 
0.086 
0.086 
Renewable 
Fraction 
1.00 
1.00 
Capacity Shortage 
0 90 
0 90 
4.3.4 Other Simulation results 
In other simulation results of optimization analysis, two configurations are found - one 
with battery and other without it - for PV capital and replacement multipliers 0.8, and 
PV life 20 yr. Considering energy security, results with batter>' is acceptable as depicted 
in Table 4.6. A cash flow simmiary is illustrated as bar graph in Figure 4.6. Total costs 
of PV, battery, and inverter are calculated as $ 2,171,600; total replacement cost of PV 
system and battery $ 718,360; O&M cost of the system $ 239,879; and total salvage 
value $421,997. 
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Table 4.6: Simulation results indicating cash summary for PV capital and 
replacement multipliers 0.8, and PV life 20 yr 
Component (S) 
PV 
Surrette 4KS25P 
Converter 
System 
Capital ($) 
2,040,800 
800 
130,000 
2,171,600 
Replacement (S) 
717,839 
520 
0 
718,360 
O&M ($) 
239,597 
282 
0 
239,879 
Fuel ($) 
0 
0 
0 
0 
Salvage (S) 
421,835 
162 
0 
421,997 
Total (S) 
2,576,402 
1,440 
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Figure 4.6: Simulation results indicating cash flow for PV capital and replacement 
multipliers 0.8, and PV life 20 yr 
In Table 4.7, simulation results are indicated as yearly electric production 3,122,355 
kWh, ac primary load consumption 2,706,223 kWh, excess electricity 115,415 kWh, 
unmet electric load 10,325,839 kWh & capacity shortage 11,721,015 kWh for PV 
capital and replacement multipliers 0.8, and PV life 20 yr. 
Table 4.7: Simulation results indicating yearly electric production & consumption 
detail for PV capital and replacement multipliers 0.8, and PV life 20 yr 
PV array production 
AC primary load consumption 
Excess electricity 
Unmet electric load 
Capacity shortage 
3,122,355 kWh/yr 
2,706,223 kWh/yr 
115,415 kWh/yr 
10,326,839 kWh/yr 
11,721,015 kWh/yr 
100% 
100% 
3.7 % 
79.2 % 
89.9 % 
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Monthly average electric production of proposed case is shown in Figure 4.7 for same 
sensitivity variables of PV capital and replacement multipliers 0.8, and PV life 20 yr. 
Monthly average production is a maximum of nearly 450 kW in the month of March 
every year and lowest of nearly 300 kW in November. 
Momhiy Av«t*q« Etecttk PtodMctkw 
PV 
Figure 4.7: Simulation results indicating monthly average electric production for 
PV capital and replacement multipliers 0.8, and PV life 20 yr 
Simulation results indicating PV electric production, battery output, converter output 
and GHG emissions are indicated in Figure 4.8. Rated capacity of PV system is 1700 
kW with mean output power 356 kW, mean energy 8,554 kWh/d, and total production 
3,122,355 kWh/yr when capacity factor 21%. PV penetration is 24% when operating for 
4,374 hr/yr. In case of battery, string size, bus voltage, nominal capacity, life time 
throughput, energy in, energy out, and losses etc. are calculated. In case of converter, 
inverter capacity is found as 1300 kW and rectifier 975 kW; with mean output of 
inverter 309 kW and in case of rectifier its value is zero. Hours of operation of inverter 
is 4,380 with energy input 3,006,918 kWh/yr, energy output 2,706,223 kWh/yr, and 
losses 300,695 kWh/yr. In GHG emission analysis, carbon dioxide, carbon monoxide, 
unbumed hydrocarbon, particulate matter, sulphur dioxide, and nitrogen oxides are 
found zero. 
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Simulation Results 
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Figure 4.8: Simulation results indicating PV electric production, battery output, 
converter output and GHG emissions for PV capital and replacement multipliers 
0.8, and PV Ufe 20 yr 
4.4 Conclusions 
Energy model of 1.5 MW PV energy system is simulated to judge its performance 
concluded in Table 4.2. Electricity generated annually and exported is 2,628 MWh and 
income from the export $ 183,960. Gross annual GHG emission reduction due to use of 
the RE is 3,045 tC02 and net aimual GHG emission reduction 2,984 tC02. Income from 
GHG reduction is $ 59,686, hence total annual savings and income from the PV energy 
system $ 243,646. In this case, total annual cost is $ 202,319 and equity payback 2.9 yr 
when cash flow becomes positive. 
Sensitivity results of PV energy system in Table 4.3 indicate that: 
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• For project life of 25 yr NPC of $ 2,920,597 and COE 0.077 $/kWh are less than 
values of NPC and COE in case of project life of 20 yr. 
• For PV replacement cost multiplier 1 and 0.8, NPC and COE remain same i.e., $ 
2,920,597 and 0.077 $/kWh respectively when project life 25 yr. When the 
sensitivity variable PV replacement cost multiplier decreases from 1 to 0.8, NPC 
changes fi-om $ 3,290,603 to $ 3,216,602 and COE from 0.086 $/kWh to 0.084 
$/kWh for life span of 20 yr. 
• Decrease in NPC takes place from $ 2,920,597 to $ 2,410,397 when capital cost 
multiplier of PV is dropped from 1 to 0.8 for life span of 25 yr. Similarly, NPC 
decreases from $ 3,290,603 to $ 2,780,403 when capital cost multiplier of PV is 
dropped from 1 to 0.8 for life span of 20 yr. 
In Table 4.5 optimization results for PV energy system is obtained for capital cost 
multiplier 1, PV replacement cost multiplier 1 and PV life 20 yr. Total NPC and COE 
are calculated as $ 3,293,603 and 0.086 $/kWh respectively in optimal results having 
1700 kW PV system and 1300 kW converter. In the second case non-optimal system the 
total NPC and COE are calculated as $ 3,292,043 and 0.086 $/kWh respectively with 
marginal rise in initial capital and operating cost as compared to optimal system. A cash 
summary for the PV energy system is illustrated in Table 4.6, indicating PV capital $ 
2,040,800, replacement $ 717,839, O&M 239,597 $/yr, fiiel cost nil, and salvage value 
$ 421,835. The capital cost of battery is taken as $ 800, replacement $ 520, Oi&M 282 
$/yr, ftiel cost nil, salvage cost $ 162. The capital cost of converter is taken as $ 
130,000; other costs are nil. All these detailed costs of entire system are shown. In other 
optimization results electric production and consumption are shown for project life of 
20 years. The results are shown in Table 4.7 indicating PV array energy production 
3,122,355 kWh/yr (100%), ac primary load consumption 2,706,223 kWh/yr (100%). 
excess electricity 115,415 kWh/year (3.7%), unmet electric load 10,326,839 kWh/yr 
(79.2%) and capacity shortage 11,721,015 kWh/yr (89.9%). 
After conducting analysis of PV energy system, a biomass energy system is simulated 
to evaluate performance in different scenario for the same load demand in the next 
Chapter 5 so that a comparative study may be carried out in a different situation, using 
RETScreen and HOMER software tools. 
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CHAPTER 5 
PERFORMANCE ANALYSIS OF BIOMASS 
ENERGY SYSTEM 
5.1 Introduction 
In the present chapter, performance analysis, sensitivity analysis and optimization of 
biomass system are conducted at rice producing area at Sewhra. 
Biomass has been one of the main energy sources for the human being ever since the 
beginning of civilization, although its significance reduced after the all out use of oil 
and coal in the late 19* century. But in the recent years there has been a resurgence of 
interest in biomass energy in many countries seeing the benefits getting out of it. It is 
renewable, universally available, and carbon-neutral and has the capability of 
generating significant productive employment in the rural areas. Biomass is also 
capable of providing firm energy. It is estimated that 15% -50% of the world's primary 
energy use could come from biomass by the year 2050. At present, nearly 11% of the 
world's primary energy is estimated to have come from biomass energy. In the United 
States, electricity generation from biomass grew by 7% each year between 1990 and 
1994, reaching 59,000 GWh in 1994. Such growth could result in an industry with a 
capacity of approximately 30 gigawatts, producing 150,000 to 200,000 GWh of 
electricity by 2020. In Europe, biomass energy currently accounts for about 2% of total 
consumption, and the European Commission predicts that figure will reach 15% in the 
EU over the next 15 yr (Yan et al, 2010). 
Biomass has always been a significant energy source in India. Although, current 
Indian energy scenario today shows an increasing dependence on the conventional 
resources of energy, nearly 32% of the total primary energy use in the country is still 
extracted from biomass. (MNES, 2006). 
MNES, has been aware of the potential and role of biomass energy in the Indian 
context. Hence a number of various programs has initiated for promotion of modem 
technologies for its use in various secturs of the economy to ensure acquiring maximum 
benefits. In India, biomass power generation is approximately an industry of Rs. 600 
crore per annum, generating more than 5000 million units of electricity and 
employment of more than 10 million man-days each year in the rural areas. MNES has 
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been promoting three main technologies for productive utilization of biomass i.e. 
biomass power generation, bagasse-based cogeneration in sugar mills, and biomass 
gasification for thermal and electrical applications (MNES, 2006). 
India produces over 500 million tonnes of agricultural and agro-industrial waste, husk, 
and straws every year, which is equivalent to about 175 million tonnes of oil. It has 
been estimated that about 70%-75% of these agricultural wastes is used for fodder and 
domestic fuel in the rural areas. It has been reported that at least 150-200 million tonnes 
of these biomass material is not being used for some productive purpose, which can be 
made available for alternative uses at cheaper cost. This quantity of biomass is 
sufficient to generate 15,000-25,000 MW of electrical power at typically prevalent 
plant load factors. Besides these agricultural wastes, 70,000 MW power can also be 
generated from biomass grown on wastelands, road and rail trackside plantations, etc. 
Therefore, the total electricity generation potential from biomass could as much as 
100,000 MW (MNES 2006). 
As a result of support from various stakeholders, momentum has been generated for 
installation of biomass power and co-generation projects in various potential States. A 
cumulative power generation capacity of 1,325 MW has been commissioned, and 1,778 
MW capacities are under implementation (MNES 2008). The status of projects 
commissioned and under implementation is given in Table 5.1 as on 31 Dec.2007. 
Table 5.1: Status of Projects commissioned and under implementation 
Project 
status 
Commissioned 
Under Implementation 
Biomass Power 
No. of 
Project 
90 
59 
Capacity 
(inMW) 
605.8 
525.30 
Co-generation 
No. of 
Project 
86 
103 
Capacity 
(inMW) 
719.83 
1253.27 
Total 
No. of 
Project 
176 
162 
Capacity 
(inMW) 
1325.63 
1778.57 
State wise capacity of projects commissioned biomass power and cogeneration projects 
is given in Table 5.2, shows that states of Andhra Pradesh, Chhattisgarh, and Tamil 
Nadu generate more than two-third of total biomass power generated in India. Other 
rice growing states like West Bengal, Bihar, and Uttar Pradesh have enough potential of 
generating biomass power from rice husk. To encourage that fiscal incentive such as 
accelerated depreciation, import duty concessions, excise duty exemption, tax holiday 
for 10 yr etc. are provided by the government. The SERCs in Andhra Pradesh, Haryana, 
Punjab, Madhya Pradesh, Maharashtra, Rajasthan, Tamil Nadu, Gujarat, Kerala, Punjab 
and West Bengal have announced preferential tariff for biomass power and 
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cogeneration power projects (MNES, 2008; Afzal et al, 2010). In India, biomass 
gasifier commissioned and biomass power (including cogeneration) achieved as on 31 
March 2010 are 122.14 MWeq and 865.60 MW respectively as shown in Table 1.1 
(MNES, 2010). 
Table 5.2: State wise capacity of projects commissioned biomass power and 
cogeneration projects (as on 13.12.2007) 
S,No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
State 
Andhra Pradesh 
Chhattisgarh 
Gujrat 
Haryana 
Kamataka 
Madhya Pradesh 
Maharashtra 
Punjab 
Rajasthan 
Tamil Nadu 
Uttar Pradesh 
Total 
Biomass Power (MW) 
210.20 
146.30 
0.50 
4.00 
81.50 
1.00 
11.50 
16.00 
23.30 
111.50 
-
605.80 
Cogeneration Power (MW) 
124.05 
-
-
2.00 
180.78 
-
96.50 
12.00 
-
161.00 
143.50 
719.83 
In this Chapter 5, performance analysis, sensitivity analysis and optimization of a 
biomass system are conducted at Sewhra, 40 Km from Bettiah, in the eastern state of 
Bihar, India, located at latitude 26.8 °N and longitude 84.5 °E at an elevation of 331.0 
m, having daily average solar radiation of 5.18 kWh/mVd and wind speed of 2.5 m/s 
(http://www.nasa.gov). Rice is the main agricultural product; which is grown in the 
entire area in the vicinity of Bettiah, making the availability of rice husk in abundance. 
The electrical load of the village is comparable to Manali and Minambakkam 
(http://www.teriin.org). Seeing future expansion of the village a 1.5 MW biomass 
energy system is proposed. Same software tools are used to analyze the performance of 
the biomass energy system. 
5.2 Performance and Emission Analysis of 1.5 MW Biomass 
Energy System 
A biomass energy system is proposed for Sewhra, because of the availability of rice 
husk. In this section also, performance analysis of a 1.5 MW biomass energy system is 
obtained in the form of energy model as shown in Table 5.3, evaluating the energy 
production and savings, emission reductions, annual saving, income, financial viability 
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and cash flows of the REs, using RETScreen software tool for 1.5 MW load. Some of 
the steps of the analysis which already discussed in Chapter 3 and Chapter 4 are not 
explained here. A basic biomass energy system comprises of a biomass generator 
feeding an ac bus which supplies energy to the load connected to the bus, as shown in 
Figure 5.1. A biomass gasifier based power generation system mainly consists of 
gasifier, a cooling and cleaning unit, and a DF or HPG-based engine-generator set. The 
moisture content of rice husk ranged from 8.68% to 10.44%, and energy available 
ranged from 14 to 16 MJ/Kg (Jain, 2006; Khan, 2009). Different biomass materials 
need different gasification technology and equipment (ASETPL, 2010). Generally a 
fixed bed gasifier is suitable for gasifying high apparent density biomass materials, e.g., 
wood and cornstalk etc. In India rice husk gasification is mostly carried out in fixed-bed 
down drafl gasifier (Khan, 2009). Rice husk is fed from the hopper at the top of the 
structure and heated either in absence of oxygen or by partial combustion in restricted 
air or oxygen. The products of pyrolysis are usually a mixture of gaseous fuel namely 
hydrogen (H2) 15%-20%, carbon monoxide (CO) 18%-20%, carbon dioxide (CO2) 9%-
12%, methane (CH4) l%-5%, and nitrogen (N2) 45%-55%, oil like Hquid called 
pyrolytic liquid (water soluble phase including acetic acid, acetone, methanol, non-
aqueous substances, oil and tar) and nearly pure carbon char (Khan, 2009; Afzal et al, 
2010). 
A detailed block diagram of a typical biomass energy system is shown in Figure 5.2. 
Normal water pumped into the lower portion of reactor to remove char which is taken 
out to a drain tub. The cooling and cleaning unit consists of a venturi scrubber and a 
separate box with cloth filter. The venturi scrubber is used to cool the producer gas and 
to remove coarse particulates. Drain box and separation tank are used for removing and 
separating char and water. Coarse filter removes tar, particulates, and moisture from the 
gas which are taken to a drain tub. Fine dust particles are removed through separate fine 
filters in one or two stages. The ultra clean gas is mixed with air, before it is injected to 
the cylinder of engine coupled with a generator set to replace the liquid diesel fuel. In 
DF generation, a pilot quantity of liquid fuel is injected towards the end of the 
compression strokes to start combustion (Afzal et al, 2010; ASETPL, 2010). 
A single fuel is selected from the drop-down list, which contains detail of various 
fuels. Options of multiple fuels are available which can be shown on monthly or 
percentage basis. Rice husk/hull is selected as fuel at a price of 20 $/t as on 6 June 2009 
(NEDA, 2009). A power capacity of 1.5 MW is used to meet the proposed load. Six 
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units of biomass energy system of Entropic Energy make, model Turbion, each of 250 
kW with heat rate of 22,200 kJ/kWh are selected. The heat rate is the amount of energy 
input (in kJ or Btu) from the fiiel required to produce 1 kWh of electricity. Heat rate 
data is provided by the manufacturer of biomass gasifier. The total cost of the entire 
system is $ 600,000 (NEDA, 2009). The prevailing electricity export rate is taken as 70 
$/MWh (UPPCL, 2009). The electricity exported to the grid is calculated as 12,089 
MWh at the fuel required rate of 33.3 GJ/h. 
Table 5.3: Energy Model of 1.5 MW biomass energy project indicating detail of 
proposed case power system, GHG emission analysis and financial analysis 
Proposed power case system 
Technology 
Availability 
Fuel selection method 
Fuel type 
Fuel rate 
Description 
Electricity exported to grid 
Total initial costs 
Manufacturer 
Model 
Heat Rate 
Fuel required 
Electricity export rate 
Other 
92% 
Single fiiel 
Rice-hull 
20$/t 
Biomass 
12,089 MWh 
$600,000 
Entropic Energy 
Turbion -6 units 
22,200 kJ/kWh 
33.3 GJ/h 
$70 
Financial parameters 
Inflation rate 
Project life 
Debt ratio 
Debt interest rate 
Debt term 
2.0 % 
20 yr 
70V„ 
5.00% 
10 yr 
Annual savings and income 
Fuel cost - base case 
Electricity export income 
GHG reduction income -10 yrs 
Total annual savings and income 
$ 0 
$846,216 
$ 347,427 
$1,193,643 
Emission analysis 
Country-Region 
Fuel type 
GHG emission factor 
T&D losses 
GHG emission factor 
GHG emission base case 
GHG emission propose case 
India 
Coal 
1.207 tCOj/MWh Excl. T&D 
losses 
20% 
1.509 tCOi/MWh Incl.T&D 
losses 
18,239 tCOz 
513 t ea 
Annual costs and debt payments 
O&M (savings) costs 
Fuel cost - base case 
Debt payments - 10 yrs 
Total annual costs 
$0 
$0 
$ 54,392 
$ 558,882 
GHG credits transaction fees 
Net annual GHG emission reduction 
Acres of forest absorbing carbon 
GHG reduction credit rate 
GHG reduction credit duration 
GHG reduction credit escalation 
duration 
Gross annual GHG emission reduction 
2.1)% 
17,371 tCO.. 
14,765 
20 $,'tC02 
lOyr 
2.0 % 
17,726 tCO; 
Financial viability 
Pre-tax IRR - equity 
Pre-tax IRR - assets 
Simple payback 
Equity payback 
362.5 % 
110.2% 
0.9 yr 
0.3 yr 
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In India most of electricity generation is carried out using coal; for emission analysis, 
coal is taken as base case fuel. GHG emission factor with and without T&D losses 
1.509 and 1.207 in kgCOjfkWh or in tC02/MWh respectively; where T&D loss is taken 
as 20%. GHG emission for base case and proposed case are calculated as 18,329 tC02 
and 513 tC02 each year. Gross and net annual GHG emission reduction are estimated as 
17,726 tC02 and 17,371 tC02 respectively which is equivalent 14,765 acres of forest 
absorbing carbon; if the proposed case is implemented. GHG reduction income is 
determined by selecting carbon credit rate 20 $/tC02, credit duration 10 yr, and credit 
escalation rate 2.0%. 
For financial analysis, inflation rate, project life, debt ratio, debt interest rate, and debt 
term are taken as 2.0%, 20 yr, 70%, 5.0%, and 10 yr respectively. Per annum fuel cost 
of the proposed case and debt payment for 10 yr are calculated as $ 504,490 and $ 
54,392 respectively, amounting total annual cost as $ 558,882. Total annual saving and 
income found as $ 1,193,643 which is addition of electricity export income and GHG 
reduction income of $ 846,216 and $ 347,427 respectively. Financial viability is judged 
by calculating pre-tax IRR (equity) 362.5%, pre-tax IRR (assets) 110.2%, simple 
payback 0.9 yr, and equity payback 0.3 yr. Cumulative cash flow is shown by a graph in 
Figure 5.3. 
After conducting performance analysis, sensitivity analysis and optimization applied 
to find the optimal resuUs of the biomass system of RE suitable for the site, are 
elaborated in the next section. 
5.3 Sensitivity Analysis and Optimization of 1.5 MW Biomass 
Energy System 
Various inputs provided which are necessary to find out results of sensitivity analysis 
and optimization. Those inputs are shown in Appendix as Figure 5.1 for biomass 
generator cost inputs; Figure 5.2 for biomass generator fuel inputs; Figure 5.3 for 
biomass generator schedule inputs; Figure 5.4 for biomass resource availability inputs; 
and Figure 5.5 for biomass generator emissions inputs. Other inputs like economics, 
system control and constraints are same as mentioned in Subsection 3.3.2 of Chapter 3. 
In this section, a biomass energy system is proposed for the installation at Sehwra. 
India by judging its suitability and performance of the system using sensitivity analysis 
and optimization techniques. A basic block diagram of a biomass energy system is 
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shown in Figure 5.1. A detailed block diagram of a typical biomass energy system is 
also indicated in Figure 5.2. 
Biomass Generator 
Primary Load 
36 MWh/d 
2.9 MW Peak 
AC Bus 
Figure 5.1: Basic block diagram of biomass energy system 
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Figure 5.2: Detailed block diagram of a typical biomass energy system 
(Dual fuel/100 percent producer gas power generation) 
(Courtesy: Ankur Scientific Energy Technologies Private Limited, India) 
YMT 
Figure 5.3: Cumulative cash flow graph of 1.5 MW biomass energy system 
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5.3.1 Output Equation of a Biomass Generator 
The annual delivered electricity output (Po) of biomass energy system with rated power 
output (P) of electricity generator is dependent on its capacity utilization factor (CUF), 
the fraction (n) of generated power consumed by auxiliaries of the system and the 
fraction of electrical losses (L) in the local electricity distribution network (Nouni, 
2006). It can be estimated using the following expression: 
Po = P. (8760.CUF). (1 - n).(l - L) (1) 
Biomass power projects for decentralized operations are generally operated for about 
six hours in the evening mainly for meeting lighting loads (Ghosh et al, 2004). In 
certain cases biomass projects is also operated during daytime for meeting requirement 
of electricity for operating pumping systems for supplying community drinking water, 
irrigation, and for industrial/commercial loads like flour mill etc. With these 
considerations, a CUF of 50% - 80% should be taken in calculating the electricity 
output from biomass projects to be installed in a rural area. The problem associated with 
decentralized power project in remote areas is their low capacity utilization because of 
absence of energy consuming productive activities (Ghosh et al, 2006). 
5.3.2 Sensitivity Analysis of Biomass Energy System 
Sensitivity variables for biomass resources are taken 300 t/d, 360 t/d, and 400 t/d, and 
for biomass price i.e. rice husk price 20 $/t, 30 $/t, and 40 $/t. The data of load demand 
of 1500 kW and the initial capital of $ 700,000 (NEDA, 2009) are used to get the 
simulation results in terms of operating cost, total NPC, COE, biomass consumption, 
and hours of operation of biomass system as shown in Table 5.4. The minimum 
requirement of biomass consumption is calculated as 35,661 t/yr i.e., 97.7 t/d. If the 
biomass resource is more than that of 97.7 t/d, i.e. 300 t/d, 360 t/d, or 400 t/d, operating 
cost, total NPC, or COE are not affected and the system will run for 24 h of entire 365 
days (8760 h) of a year. If the resource is less that of 97.7 t/d, biomass operation hour is 
reduced from 8,759 hr to 8,080 h; the system will not run throughout the hours of year. 
The operation hours of biomass generator further reduce if biomass resource reduces. 
The COE depends proportionally upon biomass cost. 
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Table 5.4: Sensitivity results of 1.5 MW biomass energy system with biomass 
resource availability 300 t/d, 360 t/d and 400 t/d, 
and biomass cost of 20 $/t, 30 $/t and 40 $/t 
Biomass 
resource 
(t/d) 
360 
360 
360 
300 
300 
300 
400 
400 
400 
90 
90 
90 
Biomass 
cost 
($/t) 
30 
40 
20 
30 
40 
20 
30 
40 
20 
30 
40 
20 
Power 
(kW) 
1.500 
1.500 
1,500 
1,500 
1,500 
1,500 
1,500 
1,500 
1,500 
1,500 
1,500 
1,500 
Initial 
capital 
(S) 
700,000 
700,000 
700,000 
700,000 
700,000 
700,000 
700,000 
700,000 
700,000 
700,000 
700,000 
700,000 
Operating 
cost 
($/yr) 
1,509,280 
1,865,886 
1,152,675 
1,509,280 
1,885,886 
1,152,675 
1,509,280 
1,885,886 
1,152,675 
1,389,625 
1,718,113 
1,068,138 
Total NPC 
($) 
21,971,714 
26,997,694 
16,945,732 
21,971,714 
26,997,694 
16,945,732 
21,971,714 
26,997,694 
16,945,732 
20,285,300 
24,914.988 
15,655,615 
COE 
($/kWh) 
0.132 
0.162 
0..102 
0.132 
0.162 
0..102 
0.132 
0.162 
0..102 
0.133 
0.163 
0.102 
Biomass 
consumption 
(t/yr) 
35,661 
35,661 
35,661 
35,661 
35,661 
35,661 
35,661 
35,661 
35,661 
32,849 
32,849 
32,849 
Biomass 
hours or 
operation 
(h/yr) 
8.759 
8,759 
8.759 
8,759 
8,759 
8,759 
8,759 
8,759 
8,759 
8,080 
8,080 
8,080 
5.33 Optimization results of Biomass Energy System 
For all sensitivity variables of biomass resource 400 t/d, 360t/d, 300 t/d, and 90 t/d, the 
optimization results indicate that COE is same as 0.102 $/kWh for biomass cost of 20 
$/t as shovm in Table 5.5. Whereas operating cost (1,152,675 $/yr), total NPC 
(16,945,732 $), biomass consumption (35,661 t/yr), and operation hour (8,759 h/yr) 
remain same at biomass resource 400 t/d, 360t/d, and 300 t^ d, when biomass resource is 
enough. If biomass resource is insufficient i.e. 90 t/d, operating cost, total NPC, 
biomass consumption, and operation hour change to 1,068,138 $/yr, 15,655,615 $, 
32,849 t/yr, and 8,080 h/yr respectively; value of COE is unaffected. If biomass 
resource is further reduced to 80 t/d and biomass cost remains at 20 $/t, operating cost, 
total NPC, biomass consumption, and operation hour change to 942,169 $/yr, 
13,978,871 $, 29,199 t/yr, and 7,179 h/yr respectively; and COE becomes 0.103 $/kWh. 
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Table 5.5: Optimization results of 1.5 MW biomass energy system with biomass 
resource sensitivity variables 400 t/d, 360 t/d, 300 t/d, 90 t/d, and 80 t/d; and 
biomass price of 20 $/t, 30 $/t and 40 $/t 
Biomass 
resource 
(t/d) 
400 
360 
300 
90 
SO 
Biomass 
cost 
($/t) 
20 
20 
20 
20 
20 
Power 
(kW) 
1,500 
1,500 
1,500 
1,500 
1.500 
Initial 
capital 
($) 
700,000 
700,000 
700,000 
700,000 
700,000 
Operating 
cost 
(Vyr) 
1,152,675 
1,152,675 
1,152,675 
1,068,138 
942,169 
Total NPC 
($) 
16,945,732 
16,945,732 
16,945,732 
15,655,615 
13,978,871 
COE 
($/kW 
h) 
0..102 
0.102 
0.102 
0.102 
0.103 
Biomass 
consumption 
(t/yr) 
35,661 
35,661 
35,661 
32,849 
29,199 
Biomass 
hours of 
operation 
(h/yr) 
8,759 
8,759 
8,759 
8,080 
7,179 
5.3.4 Other Simulation results of Biomass Energy System 
The following results in Table 5.6 indicate that replacement cost $ 0, O&M cost $ 
5,457,828, fuel cost i.e. biomass cost $ 8,888,194, and salvage cost $ 16,370. 
System architecture: 1,500 kW Biomass generator 
Total NPC: $ 16,945,732, Levelized COE: $ 0.102/kWh, Operating cost: 1,152,675 $/yr 
Table 5.6: Simulation results of cost summary of 1.5 MW biomass energy system 
for biomass price 20 $/t 
Component 
Biomass 
Generator 
System 
Capital (S) 
700,000 
700,000 
Replacement ($) 
0 
0 
O&M (S) 
5,457,828 
5,457,828 
Fuel ($) 
8,888,194 
8,888,194 
Salvage ($) 
16,370 
16,370 
Total ($) 
15,029,652 
15,029.652 
All these costs are shown as cash flows in the form of bar graph as shown in Figure 
5.4. Costs incurred in capital, fuel and operation are shown as negative cash flow; and 
hence salvage value of the biomass energy system is positive cash flow. 
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Figure 5.4: Cash flows of optimization results of 1.5 MW biomass energy system 
for biomass price of 20 $/t 
Annual electric production, ac primary load consumption, excess electricity, unmet 
electric load and capacity shortage are calculated as shown in Table 5.7. 
Table 5.7: Electric production, and consumption of 1.5 MW biomass 
energy system 
Biomass generator production 
AC primary load consumption 
Excess electricity 
Unmet electric load 
Capacity shortage 
11,823,917 kWh/yr 
11,797,253 kWh/yr 
26,668 kWh/yr 
1,235,808 kWh/yr 
2,100,556 kWh/yr 
100% 
100% 
0.2 % 
9.5 % 
16.1 % 
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Monthly average electric production of the biomass energy system is maximum in the 
month of August and minimum in the month of February and May. The monthly 
variation in the electric production is shown in Figure 5.5. 
Monthly Aweraqe Betft it Production 
1.400 
1.200 
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I 800 
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4)0 
200 
0 
I I I H I 
i l l I 
I II I II n 
Jan Feb Mar Api 
n n n 
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' Biomass 0«nerato[ 
Nov Dec May ' Jun ' Jul ' Aug Sep 
Figure 5.5: Monthly average electric production flows simulation results of 1.5 
MW biomass energy system for biomass resource availability 360 t/yr and biomass 
price 20 $/t 
Results for biomass generator output are illustrated in Table 5.8. Operational hour is 
found 8,759 h/yr (also shown in Table 5.5); operational life 22.8 yr; capacity factor 
90%, biomass feedstock consumption 35,661 t/yr (also shown in Table 5.5); specific 
fuel consumption 2.111 kg/kWh; fuel energy input 38,136,996 kWh/yr and mean 
electrical efficiency 31%. 
Table 5.8: Biomass generator output simulation results of 1.5 MW for biomass 
resource availability 360 t/yr and biomass price 20 $/t 
Quantity 
Hours of operation 
Operational life 
Capacity factor 
Fixed generation cost 
Mean electrical output 
Min. electrical output 
Max. electrical output 
Bio. feedstock consumption 
Specific fuel consumption 
Fuel energy input 
Mean electrical efficiency 
Value 
8,759 hr/yr 
22.8 yr 
90.0 % 
94.6 $/hr 
1,350 kW 
750 kW 
1,500 kW 
35,661 t/yr 
2.111 kg/kWh 
38,136,996 kWh/yr 
31.0% 
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5.3.5 Emission Analysis 
Biomass generator emission output is shown in Table 5.9. Carbon dioxide emission is 
calculated as - 364 kg/yr; negative sign of which denotes absorption of the pollutant 
from environment. But the gasification of biomass emits pollutants like carbon 
monoxide 232 kg/yr, unbumed hydrocarbon 25.7 kg/yr, particulate matter 17.5 kg/yr 
and nitrogen oxides 2,068 kg/yr; but there is no sulfiir dioxide. 
Table 5.9: Biomass generator emission results of 1.5 MW for biomass resource 
availability 360 t/yr and biomass price 20 $/t 
Pollutant 
Carbon dioxide 
Carbon monoxide 
Unbumed hydrocarbons 
Particulate matter 
Sulfur dioxide 
Nitrogen oxides 
Emissions (kg/yr) 
-364 
232 
25.7 
17.5 
0 
2,068 
In other simulation result biomass generator out and ac primary load fluctuation are 
plotted as data view drawn on the same monthly scale in x-axis as indicated in 
Figure 5.6. 
p ^ 1.500-
a I 1.000-
i t 0^0 
S 0 
^ ^ 3 . 0 0 0 
I £ 1 ,500 
< - 0 
^y ^ ^ j k^ ik -i^^iJfc^^^y 
I I 
• Jan Feb Mar Apr "May'Jun Jul Aug Sep Oct Nov Dec 
Figure 5.6: Simulation results indicating annual primary load 
and biomass generator power output variation 
In Figure 5.7, simulation results are shown indicating daily profile of excess electricity 
produced by biomass system. Similarly daily profile can be plotted for ac primary load, 
biomass generator load, excess electricity, unmet load and capacity shortage. 
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Figure 5.7: Simulation results indicating excess electricity production daily profile 
In Table 5.9 a simulation results, indicating biomass resource, ac primary load, 
biomass power, ac primary served, excess electricity, unmet load and capacity shortage, 
are presented. These data for each hour of a day of one complete year are calculated. 
Table 5.9: Simulation results indicating hourly analysis for each day of a year 
Date 
Jan1 
Jan1 
Jan i 
Jan i 
Jan 1 
Jan 1 
Jan 1 
Jan1 
Jan 1 
Jani 
Jan 1 
Jan1 
Jan 2 
Jan 2 
Jan 2 
Jan 2 
Jan 2 
Jan 2 
Jan 2 
Jan 2 
Jan 2 
Jan 2 
Jan 2 
Jan 2 
End 
Time 
12:00 
13:00 
14:00 
15:00 
16:00 
17:00 
18:00 
19:00 
20:00 
21:00 
22:00 
23:00 
ftOO 
1:00 
2:00 
3:00 
4:00 
5:00 
6:00 
7:00 
8:00 
9:00 
10:00 
11:00 
Biomass 
Resource 
[kfl/Tw) 
15000 
15000 
15000 
15000 
15000 
15000 
15000 
15000 
15000 
15000 
15000 
15000 
15000 
15000 
15(XI0 
15000 
15C«0 
15000 
15000 
15000 
15000 
15000 
15000 
15000 
ACPiim. 
Load 
(kW) 
2058 
1980 
1857 
1705 
1092 
1784 
1431 
1720 
1816 
1953 
2041 
1510 
1641 
1565 
1255 
487 
1804 
1002 
1162 
963 
1187 
1136 
1154 
888 
Bio 
Power 
(kW) 
1500 
1500 
1500 
1500 
1092 
1500 
1431 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1255 
750 
1500 
1002 
1162 
963 
1187 
1136 
1154 
888 
AC Prim. 
Served 
(kW) 
1500 
15(K) 
1500 
1500 
1092 
1500 
1431 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1255 
487 
1500 
1002 
1162 
963 
1187 
1136 
1154 
888 
Excess 
Electricity 
(kW) 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
263 
0 
0 
0 
0 
0 
0 
0 
0 
Unrtyet 
Load 
(kW) 
558 
480 
357 
205 
0 
284 
0 
220 
316 
453 
541 
10 
141 
65 
0 
0 
304 
0 
0 
0 
0 
0 
0 
0 
Capacity 
Shortage 
(kW) 
764 
678 
543 
375 
0 
463 
74 
392 
498 
649 
746 
161 
305 
221 
0 
0 
484 
0 
0 
0 
0 
0 
0 
0 
5.4 Conclusions 
Energy Model of 1.5 MW biomass energy project is shown in Table 5.3 concluding 
detail of performance analysis of proposed case power system, generating annually 
12,089 MWh and income $ 846,216. The emission analysis shows gross annual GHG 
emission reduction 17,726 tC02, and net annual GHG emission reduction 17,371 tC02. 
Income from GHG reduction is $ 347,427 and therefore, total annual savings and 
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income $ 1,193,643. Equity payback starts just after 0.3 yr when cash flows become 
positive. 
In Table 5.4 sensitivity results of 1.5 MW biomass energy system with biomass 
resource availability 300 t/d, 360 t/d & 400 t/d, and biomass cost of 20 $/t, 30 $/t and 40 
$/t are underlined as under: 
• Operating cost 1,509,280 $/yr, total NPC $ 21,971,714, COE 0.132 $/kWh, 
biomass consumption 35,661 t/yr and biomass operation hours 8,759 h/yr are 
same for all sensitivity variables of biomass resource supply 400 t/d, 360 t/d and 
300 t/d when biomass price of 30 $/t until the biomass resource supply reduced 
to 90 t/d. 
• For biomass price 30 $/t and insufficient biomass supply of 90 t/d, operating 
cost is reduced to 1,389,625 $/yr; total NPC to $ 20,285,300; and COE increased 
to 0.133 $/kWh. 
• Biomass consumption depends upon biomass resource supply. If the supply is 
reduced from 300 t/d to 90 t/d, the consumption slumped from 35,661 t/yr to 
32,849 t/yr and so the operation hours of biomass generator from 8,759 h/yr to 
8,080 hr/yr. 
In Table 5.5 optimization results of 1.5 MW biomass energy system are obtained for 
sufficient biomass resource supply to operate the biomass generator throughout a year. 
Operating cost 1,152,675 $/yr, total NPC $ 16,945,732, COE 0.102 $/kWh, biomass 
consumption 35,661 t/yr and biomass operating hours 8,759 h/yr remain same for all 
values of sufficient biomass resource supply. These parameters starts decreasing when 
biomass resource supply becoming insufficient, i.e. when biomass resource supply 
becomes 90 t/d or 80 t/d. The initial capital is unchanged. 
The simulation results in Table 5.6 conclude that capital cost of the project $ 700,000, 
OifeM cost $ 5,457,828, fiiel charges $ 8,888,194 and salvage value $ 16,370. In other 
simulation results electric production is indicated 11,823,917 kWh/yr (100%); ac 
primary load consumption 11,797,253 kWh (100%); excess electricity 26,668 kWh 
(0.2%); unmet electric load 1,235,808 kWh/yr (9.5%); and capacity shortage 2,100,556 
kWh/yr(16.1%). 
In Chapter 3, 4 and 5 RESs are studied using single largely available RE, i.e. wind, PV 
and biomass systems respectively. To complete a thorough analysis of this study, the 
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next Chapter 6, hereafter, describes various combinations of integration of REs. Firstly, 
WES and PV energy system are integrated and studied using RETScreen and HOMER 
tools. In the second part of the chapter, integration of PV and biomass systems is 
analyzed using the same tools. Thirdly, biomass and WES are integrated for the 
analysis purpose. In the last part of the chapter all the three REs namely wind, PV and 
biomass systems are integrated and studied. 
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CHAPTER 6 
PERFORMANCE ANALYSIS OF INTEGRATED 
RENEWABLE ENERGY SYSTEMS 
6.1 Introduction 
In the present chapter different combinations of integration of RE are analyzed. 
Firstly, WES and PV energy system are integrated and studied. In the second part of the 
chapter, integration of RESs of PV and biomass are analyzed. Thirdly, biomass system 
and WES are integrated for the analysis purpose. In the last part of the chapter all the 
three RESs of wind, PV and biomass systems are considered for sensitivity analysis and 
optimization only; the performance analysis of the three RESs are not available in 
RETScreen software tool. 
RE comes from renewable resources. It is different from fossil fiaels as it does not 
produce as many greenhouse gases and other pollutants as fossil ftiel combustion. There 
are a lot of fraditional uses of wind, water, and solar energy in developed and 
developing countries. But the mass production of electricity using RE sources has 
become more common only recently. The reasons for this are the major threats of 
climate change due to pollution, exhaustion of fossil ftiels, environmental, social and 
political risks of fossil fiiels and nuclear power. 
Integration of RE sources involves integrating any systems of energy resource that 
naturally over a period of time. This time scale is derived directly from sun (such as for 
thermal, photochemical, and photoelectric), indirectly from the sun (such as for wind. 
hydropower, photosynthesis, energy stored in biomass), from other natural movements 
and mechanisms of the environment (such as for geothermal and tidal energy). The 
growing lack of fossil fuels, the increasing demand for electricity and the harmful efl'ect 
of carbon dioxide output on the climate force nations - especially industrialized 
countries and their governments - to find new ways of producing the amoimt of energy 
in demand. The integration of alternative energies to reduce emissions and to conserve 
available fossil sources is a well known fact. 
India faces a formidable challenge in meeting its energy needs and providing adequate 
and affordable energy to all sections of society in a sustainable manner. The country 
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today faces an energy demand-supply gap of 8% with peak shortages to an order of 
11%-12%. The hospitality industry is one of the major energy and water intensive 
sectors and to deal with the situation, the utilisation of RE sources has to maximize for 
meeting energy demands (MNES, 2008). 
hitegration of RE sources is also called hybrid renewable energy system in which two 
or more supplies from different RE sources (solar-thermal, solar-photovoltaic, wmd, 
biomass, hydropower etc) are integrated to supply electricity or heat, or both, to the 
same demand. Because the supply pattern of different RE sources can be intermittent 
but with different patterns of intermittency, it is often possible to achieve a better 
overall supply pattern by integrating two or more sources, sometimes also including a 
form of energy storage. In this way the energy supply can effectively be made less 
intermittent, or more firm. A system with two energy sources is called bivalent. A 
system with many sources is called multi-valent (http://www.doe.energy.gov 
/renewable). 
A systems approach may be used to conduct integration and hybridization 
development and demonstration to address technical, economic, and environmental 
barriers for using RE distribution systems (http://www.doe.energy.gov/renewable). 
Objectives of using integrated and hybrid RESs are outlined as under: 
• Reduce carbon emissions and emissions of other air pollutants through increased 
use of RE and other clean distributed generation. 
• Increase asset use through integration of distributed systems and customer loads to 
reduce peak load and thus price volatility. 
• Support achievement of renewable portfolio standards for RE and energy 
efficiency. 
• Enhance reliability, security, and resiliency from microgrid applications in critical 
infrastructure protection, constrained areas of the electric grid, etc. to improve 
system. 
• Efficiency with on-site, distributed generation and improved economic efficiency 
through demand-side management support and energy diversity by enabling plug-
in electric vehicle operations with the grid. 
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6.2 Integration of Wind and Photovoltaic Energy Systems 
Weather data of Jaisalmer are found suitable for integration wind and PV energy 
systems. The place is situated in the western state of Rajasthan, India at latitude of 26.9° 
N, longitude 70.9° E and elevation of 130 m. The daily average radiation of the place is 
5.16 kWh/mVd and average wind speed of 3.9 m/s, maximum 4.9 m/s in June and 
minimum 3.4 m/s in Oct. GOI has an elaborate program to install 1000 MW PV system 
in the desert of Rajasthan Thar desert in the coming decade (MNES, 2009; 
http://timesofmdia.indiatimes.com/india/Indiatargets 1000mwsolarpowerin2013/articlesho 
w/ 5240907.cms). The area is selected for integration of WES and PV system. 
Before building a system with several intermittent energy sources and variable 
consumption, guidance on selecting the dimensions of the individual components should 
be obtained by simulating the system operation under the local conditions like weather, 
insolation, biomass supply, wind etc. In general a key objective of such a system is to use 
the maximum proportion of RE, but other factors including the financial investment, 
social aspects, local infi^tructure, durability etc. must also be considered. 
To achieve complete reliability of energy systems, exclusively using RE demands 
great effort, so more modest goals should be set, including some conventional energy as 
a backup. In bivalent systems, the solar system is typically more expensive per unit of 
delivered energy to set up (capital cost) than the conventional element, and so it is often 
designed to meet the average load, but not the peak load. 
Combining PV systems with batteries can guarantee high supply reliability (or 
firmness) but sometime weather and insolation require large storage capacity and which 
is expensive. It is cheaper to supply peaks of demand and the demand during periods of 
cloudy weather, with either an additional wind or biomass generator, or even a diesel 
generator. This does however lower the proportion of RE used. 
6.2.1 Performance and Emission Analysis of Integrated 750 kW Wind 
and 750 kW Photovoltaic Energy System at Jaisalmer 
In this simulation, wind and PV energy systems are considered shown in Figure 6.1 
with each system having power capacity of 750 kW, exporting a total energy to the grid 
3,285 MWh getting an income $ 229,950. As indicated in the energy model in Table 6.1 
the net GHG emission reduction is 3,730 tC02, GHG reduction income $ 74,607 giving 
a total annual saving and income $ 304,557. Complete GHG emission analysis, total 
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annual cost, and financial viability are shown in the table. Cumulative cash flow graph 
is illustrated in Figure 6.2, showing equity pay back starts after 6.9 yr and cash flow 
becomes positive. 
Wind Turbine 
Fuhrlander 2 5 0 
Primaiy Lx>ad 3 6 
M W h / d 
2.9 M W peak 
Converter 
PV Array 
Banery 
Surrette 
S 4 K : S 2 5 P 
AC Bus 
Figure 6.1: Basic block diagram of integrated wind and PV energy systems 
Table 6.1: Energy Model of 1.5 MW integrated energy project of WES 750 kW 
and PV energy system 750 kW indicating detail of proposed case power system, 
GHG emission analysis and financial analysis 
Proposed power 
Technoloey 1 
Power capacity 
Capacity factor 
Manufacturer 
Model 
Electricity exported to grid 
Total initial costs 
Technoloey 2 
Power capacity 
Manufacturer 
Model 
Capacity factor 
Electricity export rate 
Electricity exported to grid 
Country-Region 
Fuel type 
GHG emission factor 
T&D losses 
GHG emission factor 
GHG emission base case 
Annual costs and < 
O&M (savings) costs 
Fuel cost - base case 
Debt payments -10 yrs 
Total annual costs 
case system 
Wind tuibine 
750 kW 
30% 
Atlantic Orienet 
AOC 15/50-23m-15 units 
1,971 MWh 
S 1,384,666 
PV 
7501iW 
Uni-Solar 
a-Si-SSR-256W -3000 units 
20% 
$70 
1,314 MWh 
India 
Coal 
0.927 tCQi/MWh Excl. 
T&D losses 
20% 
1.159 tCGj/MWh Incl. 
T&D losses 
3,806 tCO: 
]ebt payments 
$0 
$0 
$ 203,994 
$ 203,994 
Financial parameters 
Inflation rate 
Project life 
Debt ratio 
Debt interest rate 
Debt term 
Annual savings and inco 
Fuel cost - base case 
Electricity export income 
GHG reduction income -14 yr 
Total annual saving & income 
Emission analysis 
GHG emission propose case 
GHG credits transaction fees 
Net annual GHG emission reduction 
Acres of forest absorbing carbon 
GHG reduction credit rate 
GHG reduction credit duration 
GHG reduction credit escalation 
duration 
Financial viability 
Pre-tax IRR - equity 
Pre-tax IRR - assets 
Simple payback 
Equity payback 
2.0 % 
20 yr 
70% 
5.00% 
14yr 
me 
$0 
$ 229,950 
$ 74,607 
$304,557 
0 
2.0% 
3,730 tCO: 
1,283 
20 $/tC02 
14 yr 
2.0 % 
16 3 % 
2.8% 
9 5 yr 
6.9 yr 
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Year 
Figure 6.2: Cumulative cash flows graph of 750 kW wind and 750 kW PV 
integrated systems 
After forming energy model and conducting performance, financial, GHG emission 
analyses, the next section provides comprehensive details of sensitivity analysis and 
optimization. 
6.2.2 Sensitivity Analysis and Optimization of Integrated 750 kW 
Wind and 750 kW Photovoltaic Energy System at Jaisalmer 
The results obtained from the sensitivity and optimization are tabulates in Table 6.2. 
Unlike the previous tool, HOMER does not accept equal distribution and allotment of 
load share of 750 kW each to wind and PV system. Sensitivity and optimization options 
of different systems and its associated equipments are provided. 
The sensitivity variables are project life of 20 yr and 25 yr. The equipments selected 
for simulation are PV system, WES, battery bank and converter. The optimal system 
configured consisting of equipments PV system of 1300 kW and converter 850 kW 
with initial capital $ 2,685,000, operating cost 73,502 $/yr, total NPC $ 3,720,939 and 
COE 0.131 $/kWh when project life is 20 yr. For the project life 25 yr, same 
equipments are configured but with lesser operating cost 52,000 $/yr, total NPC $ 
3,417,885, COE 0.120 $/kWh with the same initial capital. The next non-optimal 
system is consisted of 120 numbers of batteries. 
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Table 6.2: Sensitivity and optimization results of 1.5 MW integration of WES and 
PV system for sensitivity variable of 20 yr and 25 yr 
Project 
life 
(yr) 
20 
20 
20 
20 
20 
20 
25 
25 
25 
25 
25 
25 
PV 
(kW) 
1300 
1300 
1200 
1200 
-
-
1300 
1300 
1200 
1200 
-
-
WES 
FL2S0 
-
-
1 
1 
28 
28 
-
-
1 
I 
28 
28 
Battery 
S4KS25P 
-
120 
-
120 
-
120 
-
-
-
120 
-
120 
Convert. 
(Kw) 
850 
800 
900 
850 
-
10 
850 
800 
900 
850 
-
10 
Initial 
capital 
($) 
2,685,000 
2,776,000 
3,113,100 
3,204,100 
17,446,800 
17,543,800 
2,685,000 
2,776,000 
3,113,100 
3,204,100 
17,446,800 
17,543,800 
Operating 
cost 
($/yr) 
73,502 
77,148 
77,838 
76,484 
139.720 
143,366 
52,000 
55,646 
52,990 
56,636 
139,720 
143,366 
Total NPC 
($) 
3,720,939 
3,863,323 
4,139,680 
4,282,064 
19,416,006 
19,564,388 
3,417,885 
3,560,269 
3,859,938 
4,002,322 
19,416,006 
19,564,388 
COE 
(S/kWh) 
0.131 
0.137 
0.145 
0.151 
0.656 
0.660 
0.120 
0.126 
0.135 
0.141 
0.656 
0.660 
6.3 Integration of Photovoltaic and Biomass Energy Systems 
Minambakkam, a suburb of Chennai, is selected for a project of integrated of PV and 
biomass energy systems. Rice is one of the main agricultural products in this area; 
hence rice husk is foimd in abundance. Sufficient amount of solar insolation is also 
available. The latitude is 13.0° N, longitude 80.2° E, elevation 16.0 m, daily average 
solar radiation 5.49 kWh/m /d with maximum 6.78 kWh/m /d in Apnl and minimum 
4.17 kWh/m /^d in December and average temperature 28.8° C (http://www.nasa.gov; 
http://www.mnes.in). 
6.3.1 Performance and Emission Analysis of Integrated 750 kW 
Photovoltaic and 750 kW Biomass Energy System at Minambakkam 
/Chennai 
A basic integrated system is shown in Figure 6.3. In this analysis technology 1 and 
technology 2 represent PV and biomass systems respectively, each having 750 kW 
capacity. Uni-Solar PV cells are selected, electricity exported annually from the PV 
system to the grid being 1,314 MWh; whereas for the second system Entropic Energy 
biomass generator is selected. The electricity exported from the biomass generator to 
the grid 7,358 MWh is as shown in the energy model in Table 6.3 with other relevant 
details. 
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Cumulative cash flows graph, Figure 6.4 indicates that equity payback is started after 
13.7 yr and with positive cash flow. The area covered by the graph in the lower 
negative portion is more than the area covered by upper positive portion of the graph, 
indicating non-feasibility of the system. Therefore, the integration of a PV system of 
750 kW and a biomass system of the same capacity is uneconomical and not viable for 
electricity generation. 
BiomassGenerator 
Primary Load 36 
MWh/d 
2.9 MW peak 
Converter 
PV Array 
Battery 
Surrette 
S4KS25P 
AC Bus DC Bus 
Figure 6.3: Basic block diagram of integrated PV and biomass energy systems 
hitegration of PV and biomass systems are found practically and economically 
feasible only when the percentage of load share of biomass system is increased from 
750 kW to 1000 kW and PV system load share is reduced from 750 kW to 500 kW to 
get a total output power of 1.5 MW from the integrated system (not included in this 
thesis). This special property of biomass generation system is also justified by 
sensitivity and optimization analysis in the following section. 
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Table 6.3: Energy Model of 1.5 MW integrated energy project of PV system 750 
kW and biomass energy system 750 kW indicating detail of proposed case power 
system, GHG emission analysis and financial analysis 
Proposed power case system 
Technology 1 
Power capacity 
Capacity factor 
Manufacturer 
Model 
Electricity exported to grid 
Total initial cost 1 
Technology 2 
Power capacity 
Manufacturer 
Model 
Heat Rate 
Fuel required 
Electricity export rate 
Electricity exported to grid 
Total initial costs 2 
Fuel type 
GHG emission factor 
T&D losses 
GHG emission factor 
GHG emission base case 
PV 
750 kW 
20% 
Uni-Solar 
a-Si-ASR-120W - 6250 units 
1,314 MWh 
$ 3,000,000 
Single fuel Biomass (Rice husk) 
750 kW 
Entropic Energy 
Turbion -3 units 
22,200 kJ/kWh 
16.7 GJ/h 
$ 70 /MWh 
7,358 MWh 
$ 300,000 
Coal 
0.927 tCOj/MWh Excl. 
T&D losses 
20% 
1.159 tCO^/MWh Incl. T&D 
losses 
8^57 tCO: 
Annual costs and debt payments 
O&M (savings) costs 
Fuel cost - base case 
Debt payments -10 yrs 
Total annual costs 
$0 
$0 
$299,156 
$677,180 
Financial parameters 
Inflation rate 
Project life 
Debt ratio 
Debt interest rate 
Debt term 
2.0 % 
20 >T 
70% 
5.00% 
lOyr 
Annual savings and income 
Fuel cost - base case 
Electricity export income 
GHG reduction income -10 yr 
Total annual saving & income 
SO 
$515,088 
$ 162,092 
$677,180 
Emission analysis 
GHG emission propose case 
GHG credits transaction fees 
Net annual GHG emission 
reduction 
Cars and light trucks not used 
GHG reduction credit rate 
GHG reduction credit duration 
GHG reduction credit escalation 
duration 
257 tCO, 
2.0% 
8.105 tCOi 
1,648 
20 $/tC02 
lOyr 
2.0 % 
Financial viability 
Pre-tax IRR - equity 
Pre-tax IRR - assets 
Simple payback 
Equity payback 
6.0 % 
- 2.7% 
l lyr 
13.7 yr 
s 
o 
E 
o 
CO M 
o 
> 
3 
6 
s 
u 
Year 
Figure 6.4: Cumulative cash flows graph of 750 kW PV and biomass 
750 kW integrated systems 
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6.3.2 Sensitivity Analysis and Optimization of Integrated Photovoltaic 
and Biomass Energy System at Minambakkam /Chennai 
The strong point of biomass system found in the previous section is justified here. In 
the sensitivity analysis, biomass generator, PV system, battery bank, and converter are 
the equipments selected for simulation. Out of these equipments, biomass generator is 
only configured in the simulation result as shown in Table 6.4 and Table 6.5. Other 
equipments are not configured at all. As shown in Table 6.4 initial capital $ 600,000 is 
same for all sensitivity variables, but operating cost, total NPC and COE 1,338,895 
$/yr, $ 17,285,586, 0.118 $/kWh respectively are same for biomass price of 30 $/t. 
Whereas these costs become 1,697,854 $/yr, $ 21,759,016 and 0.148 $/kWh 
respectively for biomass price of 40 $/t. 
Table 6.4: Sensitivity results of 1.5 MW integration of PV and biomass systems for 
sensitivity variables of biomass price 30 $/t and 40 $/t 
Biomass 
Supply 
(t/d) 
360 
360 
300 
300 
400 
400 
Biomass 
Price 
(Vt) 
30 
40 
30 
40 
30 
40 
Biomass 
Power 
(kW) 
1500 
1500 
1500 
1500 
1500 
1500 
PV 
Power 
(WW) 
-
-
-
-
-
-
Battery 
S4KS25P 
-
-
-
-
-
-
Conv. 
Power 
(kW) 
-
-
-
-
-
-
Initial 
Capital 
($) 
600,000 
600,000 
600,000 
600,000 
600,000 
600,000 
Operating 
Cost 
($/yr) 
1,338,895 
1,697,854 
1,338,895 
1,697,854 
1,338,895 
1,697,854 
Total NPC 
($) 
17,285,586 
21,759,016 
17,285,586 
21,759,016 
17,285,586 
21,759,016 
COE 
($/kWh) 
0.118 
0.148 
0.118 
0 148 
0.118 
0.148 
The optimization results are also indicated in Table 6.5 that only biomass generator is 
configured in optimal system. 
Table 6.5: Optimization results of 1.5 MW integration of PV and biomass systems 
for sensitivity variables of biomass price 30 $/t and biomass source 360 t/d 
PV 
Power 
(kW) 
-
-
25 
25 
Biomass 
Power 
(kW) 
1500 
1500 
1500 
1500 
Battery 
S4KS25P 
-
12 
-
12 
Conv. 
Power 
(kW) 
-
25 
25 
25 
Initial 
capital 
($) 
600,000 
618,300 
707,500 
718,300 
Operating 
cost 
(S/yr) 
1,338,895 
1,339,204 
1,338,564 
1,338,873 
Total NPC 
($) 
17,285,586 
17,307,738 
17,388,968 
17,403,620 
COE 
($/kWh) 
0.118 
0.118 
0.118 
0.118 
Biomass 
Consumption 
(t/yr) 
35,896 
35,896 
35,872 
35.872 
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6.4 Integration of Biomass and Wind Energy Systems 
Integration of biomass system and WES is proposed to carry out at a coastal area 
Veraval in western Indian state of Gujrat, located at latitude 20.9° N, longitude 70.4° E 
at an elevation of 8 m. Mean temperature of the area is 26.6° C, average daily radiation 
5.94 kWh/m /^d and average wind speed 4.3 m/s, maximum wind speed 7.1 m/s in July 
and minimum 2.7 m/s in Nov (http://www.nasa.gov). Rice is the main foodstuff of the 
people of Veraval, hence rice husk is available around the vicinity causing rice husk 
based biomass system practically workable. Coastline provides uninterrupted flow of 
wind, making WES option feasible particularly during summer days, when the wind 
speed is high (http://www.mnes.in). A basic integrated biomass and mnd energy 
systems is shown in Figure 6.5. 
Biomass 
Generator 
Wind Turbine 
Generic 20 kW 
G20 
Primary Load 36 
MWh/d 
2.9 MW peak 
AC Bus 
Figure 6.5: Basic block diagram of integrated biomass and wind energy systems 
6.4.1 Performance and Emission Analysis of Integrated 750 kW 
Biomass System and 750 kW Wind Energy System at Veralval, Gujrat 
Performance analysis of integrated biomass system and WES is carried out using 
RETScreen software as a tool as shown in energy model in Table 6.6. Each system is 
given a load share of 750 kW. Three units of Entropic Energy, Turbion model biomass 
generators, each of 250 kW, are selected for simulation purpose, exporting 6,044 MWh 
energy to grid. Fifteen units of wind turbines of Atlantic Orient make and model AOC 
15/50 - 25m are selected, each producing 50 kW, exporting 1971 MWh energy to grid. 
Therefore, the generation of electricity is more from biomass system than WES in the 
integrated system. Net aimual GHG emission reduction is found 8,850 tCOa- Electricity 
export income is $ 561,078, GHG reduction income $ 177,013, and total annual saving 
& income $738,091. 
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A cumulative cash flows graph is shown in Figure 6.6. Equity payback starts after 2.7 
yr and cash flows become positive, indicating financial feasibility of the integrated 
system. To get an optimal simulation result, sensitivity analysis and optimization are 
carried out in the following subsection 6.4.2. 
Table 6.6: Energy Model of 1.5 MW integrated energy project of biomass 750 kW 
and wind energy system 750 kW indicating detail of proposed case power system, 
GHG emission analysis and financial analysis 
Proposed power case system 
Technology 1 
Power capacity 
Fuel Rate 
Heat Rate 
Manufacturer 
Model 
Electricity exported to grid 1 
Total initial cost 1 
Technoloey 2 
Power capacity 
Manufacturer 
Model 
Total initial cost 2 
Capacity factor 
Electricity export rate 
Electricity exported to grid 2 
Total Electricity exported to 
grid 
Fuel type 
GHG emission factor 
T&D losses 
GHG emission factor 
Gross annual GHG emission 
reduction 
Single iiiel biomass 
(Rice liusic) 
750 IcW 
30 Vt 
22^00 GJ/h 
Entropic Energy 
Turbion - 3 units 
6,044 MWii 
$ 300,000 
Wind turbine 
750 IcW 
Atlantic Orient 
AOC 15/50-25m-15 units 
$ 1,557,750 
30% 
$ 70 /MWh 
1,971 MWh 
8015 MWh 
All types 
0.927 tCOj/MWh Excl. 
T&D losses 
20% 
1.159 tCOj/MWh Incl. 
T&D losses 
8,850 tC02 
Annual costs and debt payments 
O&M (savings) costs 
Fuel cost - proposed case 
Debt payments -10 yrs 
Total annual costs 
$0 
$ 378,368 
$168,411 
$ 546,779 
Financial parameters 
Inflation rate 
Project life 
Debt ratio 
Debt interest rate 
Debt term 
2.0 % 
20 yr 
70% 
5.00% 
10 yr 
Annual savings and income 
Fuel cost - base case 
Electricity export income 
GHG reduction income -10 yr 
Total annual saving & income 
$0 
$561,078 
$ 177,013 
$738,091 
Emission analysis 
GHG emission propose case 
GHG credits transaction fees 
Net annual GHG emission 
reduction 
Cars and light truclis not used 
GHG reduction credit rate 
GHG reduction credit duration 
GHG reduction credit escalation 
duration 
257 tC02 
2.0% 
8,850 tCO; 
1,799 
20 $/tC02 
10 yr 
2.0 % 
Financial viability 
Pre-tax IRR - equity 
Pre-tax IRR - assets 
Simple payback 
1 Equity payback 
38.7 % 
10.9«/o 
5.2 vr 
2.7 yr 
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-1.0 Year 
Figure 6.6: Cumulative cash flows graph of 750 kW biomass and 750 kW 
wind integrated systems 
6.4.2 Sensitivity Analysis and Optimization of Integrated Biomass and 
Wind Energy System at Veralval, Gujrat 
In the previous subsection 6.4.1, the performance analysis of integrated PV and biomass 
system is executed which is not optimal analysis. In this subsection sensitivity and 
optimization analysis are carried out. 
In the sensitivity analysis of main RE equipments of biomass system and WES are 
selected for simulation. Out of these two, biomass generator is only configured in the 
simulation result as shown in Table 6.7. Operating cost, total NPC and COE are found 
exactly same as shovra in Table 6.4 for the same sensitivity variables biomass supply 
and biomass price. The operating cost 1,338,895 $/yr, total NPC $ 17,285,586 and COE 
0.118 $/kWh for all biomass supplies 300 t/d, 360 t/d and 400 t/d are valid for biomass 
price 30 $/t. The higher values of operating cost 1,697,854 $/yr, total NPC $ 
21,759,016 and COE 0.148 $/kWh for the same biomass supplies 300 t/d, 360 t/d and 
400 t/d are valid for higher biomass price 40 $/t. Therefore, it is concluded in this case 
that biomass energy system is more feasible and economical than WES. 
Table 6.7: Sensitivity results of 1.5 MW integration of biomass and wind energy 
systems for sensitivity variables biomass supply 360t/d, 300t/d, 400 t/d and biomass 
price 30 $/t and 40 $/t 
Biomass 
Supply 
(t/d) 
360 
360 
300 
300 
400 
400 
Biomass 
Price 
($/t) 
30 
40 
30 
40 
30 
40 
Biomass 
Power 
(kW) 
1500 
1500 
1500 
1500 
1500 
1500 
WES 
Power 
G 20 (kW) 
-
-
-
-
-
-
Initial 
capital 
($) 
600,000 
600,000 
600,000 
600,000 
600.000 
600,000 
Operating 
cost 
($/yr) 
1,338,895 
1,697,854 
1,338,895 
1,697,854 
1,338,895 
1.697.854 
Total NPC 
($) 
17,285,586 
21,759,016 
17,285,586 
21,759,016 
17,285,586 
21,759,016 
COE 
($/kWh) 
0.118 
0.148 
0.118 
0.148 
0.118 
0.148 
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The optimization analysis results of integrated PV and biomass energy systems are 
indicated in Table 6.8. Biomass system is found in optimal configuration of the system 
again which is same as shown in Table 6.5 also for the same biomass price. The optimal 
configuration is consisted of biomass power 1500 kW, initial capital $ 600,000, 
operating cost 1,338,895 $/yr, total NPC $ 17,285,586 and COE 0.118 $/kWh. Other 
non-optimal results are also illustrated in Table 6.8. 
Table 6.8: Optimization results of 1.5 MW integration of biomass and wind energy 
systems for sensitivity variables of biomass price 30 $/t yr and 40 $/t 
Biomau 
price 
$/t 
30 
30 
40 
40 
WESG20 
Power 
(kW) 
-
1 
- • 
1 
Biomass 
Power 
(kW) 
1500 
1500 
1500 
1500 
Initial capital 
($) 
600.000 
638,000 
600,000 
638,000 
Operating 
cost 
($/yr) 
1,338,895 
1,339,269 
1,697,854 
1,698,100 
Total NPC 
($) 
17,285,586 
17,328,252 
21,759,016 
21,800,080 
COE 
($/kWh) 
0.118 
0.118 
0.148 
0.148 
Biomass 
Consumption 
(t/yr) 
35,896 
35,883 
35,896 
35,883 
In the next section integration of all the REs - wind, PV and biomass energy systems -
is considered for analysis purpose. 
6.5 Integration of Wind, Photovoltaic and Biomass Energy 
Systems 
Feasibility of integration of three RESs WES, PV system and biomass system is 
proposed to study the at Kozhikkod, in southern Indian state of Kerala, situated in 
coastal area alongside Lakshadweep sea at latitude 11.3° N, longitude 75.8° E and 
elevation 225 m. Daily average solar insolation in the area is 5.58 kWh/m^d, with 
maximum 6.99 kWh/m /d in March and minimum 4.15 kWh/m /d in June; average 
wind speed 4.4 m/s, with maximum 6.0 m/s in July and minimum 3.0 m/s in February; 
mean temperature 25.9° C (CWET, 2009; http://www.nasa.gov). The area is rich in rice 
cultivation, by-producing sufficient rice husk to maintain continuous supply to fuel 
biomass generators. Thereby, all the three REs available are found feasible and 
economical for integration purpose (http://www.mnes.in). 
RETScreen software tool does not have provision of simulation for performance 
analysis of three integrated system of RESs WES, PV system and biomass system. The 
tool only allows working on any two systems of RE. Therefore, sensitivity analysis and 
optimization are executed using HOMER software tool which permits the simulation of 
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the three REs. A basic integrated wind, PV and biomass energy systems is shown in 
Figure 6.7. A converter is also configured which actually works as an inverter to 
connect dc bus with ac bus feeding the load. 
B iomassGenerator 
Wind Generator 
Generic 20K. 
Primary Load 36 
MWh/d 
2.9 MW peak 
Converter 
PV Array 
AC Bus DC Bus 
Figure 6.7: Basic block diagram of integrated wind, PV and 
biomass energy systems 
6.5.1 Sensitivity Analysis and Optimization of Integrated Wind, 
Photovoltaic and Biomass Energy System at Kozhikkod, Kerala 
Sensitivity analysis of integrated wind, PV and biomass energy system is carried out for 
sensitivity variables of biomass supply 360 t/d, 300 t/d and 400 t/d; biomass price 30 $/t 
and 40 $/t as illustrated in Table 6.9. For all values of sensitivity variables the 
equipment configured is only biomass; WES and PV system are not configured at all. 
The optimal system configuration has initial capital $ 600,000, operating cost 1,340,518 
$/yr, total NPC $ 19,493,186, and COE 0.117 $/kWh for biomass price 30 $/t. 
Table 6.9: Sensitivity results of 1.5 MW integration of wind, PV and biomass 
energy systems for sensitivity variables of biomass price of 30 $/t and 40 $/t 
Biomass 
Supply 
(t/d) 
360 
360 
300 
300 
400 
400 
Biomass 
Price 
($/t) 
30 
40 
30 
40 
30 
40 
Biomass 
Power 
(kW) 
1500 
1500 
1500 
1500 
1500 
1500 
WES 
Power 
G20 
(kW) 
-
-
. 
. 
. 
-
PV 
Power 
(kW) 
-
-
-
-
. 
-
Converter 
Power 
(kW) 
-
-
-
-
. 
-
Initial 
capital 
($) 
600,000 
600,000 
600,000 
600,000 
600,000 
600,000 
Operating 
cost 
(S/yr) 
1,340,518 
1,699,478 
1,340,518 
1,699,478 
1,340,518 
1,699,478 
Total NPC 
(S) 
19,493,186 
24,552,342 
19,493,186 
24,552,342 
19,493,186 
24.552,342 
COK 
(S/kWh) 
0.117 
0,148 
0.117 
0.148 
0.117 
0.14,S 
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Optimization result indicates that only biomass system is configured in optimal and 
next-to-optimal systems; its total NPC jumps from its optimal value of $ 19,493,186 to 
$ 24,552,342 and COE fi-om 0.117 $/kWh to 0.148 $/kWh when biomass price is 
increased from 30 $/t to 40 $/t as indicated in Table 6.10. PV system is found in the 
configuration as the third and fourth optimal system consisting of biomass power 1500 
kW, PV power 25 kW and converter power 25 kW. WES is not found in the 
configuration at all. In the third optimal configuration total NPC and COE are nearly 
same as the first optimal configuration, i.e., $ 19,493,186 and 0.117 $/kWh respectively 
for biomass price 30 $/t. Similarly in the fourth optimal configuration total NPC and 
COE are nearly same as next-to-optimal configuration, i.e., $ 24,552,342 and 0.148 
$/kWh respectively for biomass price 40 $/t. 
Table 6.10: Optimization results of 1.5 MW integration of wind, PV and biomass 
energy systems for sensitivity variables of biomass price 30 $/t yr and 40 $/t 
Biomau 
Price 
($/t) 
30 
40 
30 
40 
Biomass 
Power 
(kW) 
1500 
1500 
1500 
1500 
WES 
Power 
G20 
(kW) 
-
-
-
PV 
Power 
(kW) 
-
-
25 
25 
Converter 
Power 
(kW) 
-
-
25 
25 
Initial 
capital 
($) 
600,000 
600,000 
657.500 
657,500 
Operating 
cost 
(S/yr) 
1,340,518 
1,699,478 
1,340,760 
1,699,483 
Total NPC 
($) 
19,493,186 
24,552,342 
19,554,090 
24,609,924 
COE 
($/ 
kWh) 
0.117 
0.148 
0.117 
0.148 
6.6 Conclusions 
In the first part of current chapter energy model of 1.5 MW integrated energy 
project of WES 750 kW and PV energy system 750 kW is shown in Table 6.1 
indicating detail performance analysis of proposed case power system, GHG 
emission analysis and financial analysis. The electricity generated annually by the 
WES and PV energy system is 1,971 MWh and 1,314 MWh respectively. Income 
from both the generations is $ 229,950. Net annual GHG emission reduction due to 
use of RE is 3,730 tC02 and income from it $ 74,607; therefore total annual saving 
and income is $ 304,557. Simple payback period 9.5 yr and equity payback period 
are 9.5 yr and 6.9 yr respectively when cash flows become positive and project starts 
giving profit. 
Sensitivity and optimization results of 1.5 MW integrated systems of wind energy 
and PV energy are obtained in Table 6.2 and elaborated as under: 
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• PV energy system, WES, battery and converter are equipments configured 
after simulation. The optimal equipments configured for 20 yr project life are 
PV 1300 kW and converter 850 kW with initial capital $ 2,685,000, 
operating cost 73,502 $/yr, NPC $ 3,720,939 and COE 0.131 $/kWh. 
• The equipments configtired in next-to-optimal system are PV 1300 kW, 120 
numbers of batteries and converter 800 kW with total NPC $ 3,863,323 and 
COE 0.137 $/kWh. 
• If both PV energy system and WES are to be considered for integration 
anyhow, third optimal (actually non-optimal) system is obtained. The 
simulation is configured for PV 1200 kW, one number of WES FL250 and 
converter 900 kW with NPC $ 4,139,680 and COE 0.145 $/kWh. 
• In other non-optimal system only 28 numbers of WESs are configured with 
very high values of NPC $ 19,416,006 and COE 0.656 $/kWh. 
• All above results are obtained for project life 20 yr with lower values of 
operating cost, total NPC and COE; but initial capital for various respective 
configurations are same as that of project of life 25 yr. 
In second part of the chapter energy model of 1.5 MW integrated energy project of 
PV system 750 kW and biomass energy system 750 kW is shown in Table 6.3 
indicating detail of performance analysis of proposed case power system, GHG 
emission analysis and financial analysis. The electricity generated and exported to 
grid annually by the PV energy system and biomass energy systems are 1,314 MWh 
and 7,358 MWh respectively. Income from export of both the generations is $ 
515,088. Net annual GHG emission reduction due to use of RE is 8,105 tCOa and 
income from it $ 162,092; therefore total annual saving and income is $ 677,180. 
Simple payback is period is 11 yr whereas equity payback period 13.7 yr when cash 
flows become positive and project starts giving profit. 
Sensitivity results of 1.5 MW integrated system of PV and biomass are illustrated 
in Table 6.4. The following points are observed: 
• In the simulation biomass generated, PV energy system, battery, converter 
are considered; but only biomass generator 1500 kW is configured. 
• Initial capital is throughout same for all sensitivity variables of biomass price 
30 $/t and 40 $/t; and biomass resource supply 300 t/d, 360 t/d and 400 t/d. 
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• Operating cost $ 1,338,895, total NPC $ 17,285,586 and COE 0.118 $/kWh 
are same for biomass price 30 $/t for all values of biomass resource supply. 
• Similarly, operating cost $ 1,697,854, total NPC $ 21,759,016 and COE 
0.148 $/kWh are found same for biomass price 40 $/t for all values of 
biomass resource supply. 
In Table 6.5 optimization results of 1.5 MW integrated PV and biomass systems 
are indicated for sensitivity variables of biomass price 30 $/t and biomass supply 
360 t/d. Only biomass generator 1500 kW is configured in optimal system calculated 
by the software. PV system, battery, or converter are not configured at all with 
initial capital $ 600,000, operating cost 1,338,895 $/yr, total NPC $ 17,285,586, 
COE 0.118 $/kWh and biomass consumption 35,896 t/yr. The next-to-optimal 
system consists of biomass generator 1500 kW, 12 numbers of batteries S4KS25P 
and converter 25 kW with more initial capital $ 618,300, operating cost 1,339,204 
$/yr and total NPC $ 17,307,738; and same values of COE 0.118 $/kWh and 
biomass consumption 35,896 t/yr. One more non-optimal system is also possible 
configuring of all equipments - PV power 25 kW, biomass power 1500 kW. 12 
numbers of batteries with different initial capital $ 718,300, operating cost 
1,338,873 $/yr and total NPC $ 17,403,620; and same COE 0.118 $/kWh and 
biomass consumption 35,872 t/yr. 
Integration of PV and biomass systems is not found economically feasible. It is 
only feasible when the percentage of load share of biomass system is increased from 
750 kW to 1000 kW and PV system load share is reduced 750 kW to 500 kW to get 
a total output power of 1.5 MW from the integrated system. 
In the third part of the chapter energy model of 1.5 MW integrated energy project 
of biomass 750 kW and wind energy system 750 kW indicating detail of 
performance analysis of proposed case power system, GHG emission analysis and 
financial analysis are indicated in Table 6.6. The annual electricity generated and 
exported to grid by the biomass generator and WES are 6,044 MWh and 1,971 MWh 
respectively - totaling 8015 MWh electricity generated and $ 561,078 income from 
the export. Net annual GHG emission reduction due to use of RE systems of 
biomass and wind energies is 8,850 tCOa and income from emission reduction $ 
177,013 and total income from the integrated system $ 738,091. Cash flows become 
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positive after equity payback period after 2.7 yr and simple payback period after 5.2 
yr-
Sensitivity results of 1.5 MW integrated biomass system and WES as shown in 
Table 6.7. The following points are concluded: 
• Sensitivity results of 1.5 MW integrated biomass system and WES shown 
in Table 6.7 is exactly same as sensitivity results of 1.5 MW integrated PV 
and . biomass energy systems shown in Table 6.4. Therefore all the 
conclusions are same for integrated PV and biomass energy systems. 
• This concludes that biomass energy system plays a dominant role over 
other RESs. 
• The results show that only biomass energy system is configured; WES is 
left out of configuration. 
Optimization results are depicted in Table 6.8 for integration of 1.5 MW of 
biomass and wind energy systems. The optimal configuration consists of biomass 
energy system 1500 kW with initial capital $ 600,000, operating cost 1,338,586 
$/yr, total NPC $ 17,285,586, COE 0.118 $/kWh and biomass consumption 35,896 
t/yr for sensitivity variable biomass price 30 $/t. The same result is found for 
optimal system in Table 6.4 and 6.5 for integration of PV and biomass energy 
systems. In next-to-optimal system 1 number of WES is added with all other 
equipments of optimal system with initial capital $ 638,000, operating cost 
1,339,269 $/yr, total NPC $ 17,328,252, COE 0.118 $/kWh, biomass consumption 
35,883 t/yr for biomass price 30 $/t. When biomass price is increased to 40 $/t 
initial capital remains same ($ 600,000) but operating cost (1,697,854 $/yr), total 
NPC ($ 21,759,016), COE (0.148 $/kWh) and biomass consumption (35,896 t/yr) 
are increased as shown within brackets. 
In the fourth and last part of the chapter simulation of 1.5 MW integrated energy 
project consisting of WES 500 kW, PV energy system 500 kW and biomass energy 
system 500 kW sensitivity analysis and optimization technique are considered for 
this study as shown in Table 6.9. The following points are concluded: 
• Equipments considered for simulation are WES, PV energy system, biomass 
energy system and converter; but only biomass is configured for all 
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sensitivity variables biomass supply 300 t/d, 360 t/d and 400 t/d; and 
biomass price 30 $/t and 40 $/t. 
• For all sensitivity variables of biomass supply and price, initial capital is 
$ 600,000 as only biomass generator is configured. 
• When biomass price is 30 $/t operating cost 1,340,518 $/yr, total NPC 
$ 19,493,186 and COE 0.117 $/kWh for biomass supply 300 t/d, 360 t/d and 
400 t/d. 
• Similarly, when biomass price enhanced 40 $/t operating cost is 1,699,478 
$/yr; total NPC $ 24,552,342; and COE 0.148 $/kWh for all values of 
biomass supply of 300 t/d, 360 t/d and 400 t/d. 
• These results are same as to sensitivity results of 1.5 MW integrated PV and 
biomass systems indicated in Table 6.4. 
As shown in Table 6.10 all the optimization results are found in favor of biomass 
electricity generation. The optimal system consists of only biomass generator 1500 
kW with operating cost 1,340,518 $/yr, total NPC $ 19,493,186 and COE 0.117 
$/kWh for biomass price 30 $/t which is also shown in sensitivity analysis. In the 
third optimal (actually non-optimal) system biomass 1500 kW, PV system 25 kW 
and converter 25 kW are configured with initial capital $ 657,500, operating cost 
1,340,760 $/yr, total NPC $ 19,554,090 and COE 0.117 $/kWh with biomass price 
30 $/t. WES is not configured at all for any sensitivity variable. 
In this chapter, different combinations of integrated RESs are analyzed. In the next 
chapter, a comprehensive study of hybrid system of all the three RESs of wind, PV 
and biomass with non-RES of DG set are carried out. 
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CHAPTER 7 
PERFORMANCE ANALYSIS OF HYBRID 
RENEWABLE ENERGY SYSTEMS 
7.1 Hybrid Renewable Energy System Vs Single Renewable 
Energy System 
Generally RE like wind, solar insolation and other RE sources are not available all the 
time with equal magnitude. They are intermittent in nature reducing its reliability and 
energy security for the connected load. To tackle this shortcoming, a battery bank is 
used to store the energy; when there is adequate magnitude of RE. The stored energy 
used when there is need of energy and RE not available. Some simple hybrid system 
includes one or more renewable sources with a conventional source (eg the electricity 
grid or DG set) as a backup, but this is not strictly a renewable hybrid system. The 
current chapter deals with a comprehensive study of HRES using DG set with WES, PV 
and biomass systems. 
An HRES usually consists of one or more RE sources also used along with one or 
more non-RE system to provide increased system efficiency, greater balance in energy 
supply and energy security. Hybrid renewable energy systems are becoming popular for 
remote area power generation applications due to advances in RE technologies and 
subsequent rise in prices of petroleum products. Main features of HRES are underlined 
(http//www.doe.energy.gov/renewable): 
• One or more number of RESs are operated with one or more number of non-RESs. 
• Due to fluctuating nature of REs, reliability on REs is reduced. 
• Reliability and energy security are increased due to usage of both types of 
systems. 
• It does not require expensive battery bank to achieve energy security. 
• Unlike single RESs and integrated RESs, GHG emission in HRES is much more 
because of the use of fossil fuel in non-RE system. 
In India, hybrid systems are installed producing a 484.68 kW power in decentralized 
mode as on 31 March 2010 (MNES, 2010). 
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7.2 Power Output, Biogas and Fossil Fuel Flow Rate of a 
Hybrid Biomass-Diesel Generator System 
A co-fired generator operates on a mixture of fossil ftiel and biogas, known as hybrid 
biomass generator. Output of the generator and the corresponding mass flow rates of 
fossil fuel and biogas are calculated on each hour basis. The term biogas refers to 
gasified biomass such as wood waste, agricultural residue, rice husk or energy crops 
can be gasified by thermo-chemical or biological processes. The product are called one 
of several different names, including synthesis gas, syngas, producer gas, and wood gas 
as indicated in Figure 5.2 of Appendix. Other fuel inputs are intercept coefficient - the 
no-load ftiel consumption of the generator divided by its rated capacity (kg/hr/kW 
rated); and slope - marginal fiiel consumption of the generator (kg/hr/kW output). For 
simplicity of the project, both inputs are taken as unity (http://www.nrel.gov/homer). 
This calculation is based on several key assumptions: 
1. The biogas substitution ratio (zgas) is a constant, independent of engine output 
power or fiiel mixture. This is the ratio with which the biogas replaces fossil fiiel in 
a hybrid generator. 
2. The system will at all times attempt to maximize the use of biogas and minimize the 
use of fossil fuel. 
3. The fossil firaction (xfossii) is the ratio of fossil fuel used by the generator in DF 
mode to that required to produce the same output power in pure fossil mode. The 
fossil fi-action cannot go below a certain minimum. A hybrid generator can operate 
on a mixture of fossil fiiel and biogas. 
4. Even if the derating factor associated with operating in DF mode is less than 100%, 
the generator can produce up to 100% of its rated power provided the fossil fraction 
is high enough. 
The fossil fuel consumption in pure fossil mode is given in terms of fossil fuel rate by 
the following equation: 
m o = pfossii(Fo.Ygen+Fi .Pgen) ( 6 . 1 ) 
Where pfossii = density of fossil fiiel kg/L 
Fo = generator fiiel curve intercept coefficient L/hr/kW 
Fi = generator fiiel curve slope L/hr/kW 
Ygen = rated capacity of the generator kW 
Anis Afzal ] ~) ] 
Chapter 7-Performance Analysis of Hybrid Renewable Energy Systems 2010 
Pgen = power output of the generator kW 
From assumption 1, 
mgas 
nio=mfossii+ 
Zgas 
Where mfossii = fossil fuel flow rate (in DF mode) 
mgas = biogas flow rate (in DF mode) 
Zgas = biogas substitution ratio which is the ratio with which the biogas 
replaces 
fossil fuel in a cofired generator. 
Biogas flow rate (in DF mode) is given by 
nigas - Zgas (nio - nifossil) (6-2) 
Where Zgas is the biogas substitution ratio. Now from the definition of the fossil 
fraction, 
mrossii 
Xfossil = 
mo 
mgas - Zgas(mo - Xfossil-nio) (6 -3) 
Using equations (6.2) and (6.3), 
mgas = Zgas.mo(l - Xfossil) (6-4) 
But for a given value of biomass power Pbio, the value of Xfossii is unknown so the 
above equation is not enough on its own to solve for the biogas flow rate. From 
assumption 2, we want to maximize, which means we want to minimize Xfossii- But 
from assumption 3, 
• 
X fossil ^ Xfossii — i 
where x*fossii is the minimum fossil fraction required for ignition. So the target value 
for mgas corresponds to Xfossii=x*fossii. Using equation (6.4), the target value is given by 
m gas = Zgas.mo(l - X fossil) ( 6 . 5 ) 
But there are two independent upper limits on the actual value of mgas. At the 
minimum fossil fraction, the output of the generator is limited to Y*gen, defined as 
follows: 
1 gen ~ 'r 1 gen 
where , t the derating factor, the maximum output of a cofired generator operating at 
the minimum fossil fraction, as a percentage of its rated output, is less than or equal to 
© Anis Afeal ] 22 
Chapter 7-Performance Analysis of Hybrid Renewable Energy Systems 2010 
1. This limitation can be implemented by imposing an upper limit on mgas 
corresponding to Pgen = Y*gen and Xfossii=x*fossii- Using equations (6.2) and (6.5), this 
maximum value can be defined as: 
m*gas = Zgas.pfossil (Fo- Ygen + F ] . Y gen). (1 - X*fossil) (6 .6 ) 
This upper limit can be thought of as a physical limitation - the maximum rate at 
which biogas can be ingested in the engine. The available biomass resource, agas, 
constitutes the other upper limit on mgas- So the actual value of mgas is the minimum of 
m'gas, m*gas and agas, which is available biogas flow rate in kg/hr: 
mgas = MIN(m'gas , m gas , agas) (6 .7 ) 
Knowing the value of mgas, we can determine Xfossii- Solving equation (6.4) for Xfossii, 
ITlgas 
Xfossii ~ 1 ( 6 . 8 ) 
Zigasmo 
And from equation (6.3), 
nifossii = Xfossii.nio (6.9) 
So at any time step, given particular values of Pbio and agas, the biogas flow rate and 
the fossil fuel flow rate can be calculated from equations (6.7) and (6.9), respectively. 
7.3 Minimization of Cost of Energy of a Hybrid Renewable 
Energy System 
In this analysis, HOMER provides micro-optimization model of off-grid power HRES 
with sensitivity analysis according to different criterions based on each component of 
the system and total integrated system. The parameters of investment, COE, 
consumption of energy/fuel, and system sustainability are considered as parameters 
(Notton et al, 2005). 
COE is the average cost per kWh of useful electrical energy produced by the system, 
given by: 
C O E = (Cann.tot " Cboiler Ethermal)' (Eprim,AC + Eprim.DC + Edef + Egrid,sales) (6 .9 ) 
Where, Cann,tot = total annualized cost of the system [$/yr] 
Cboiler = boiler marginal cost [$/kWh] = 0 
Ethermal = total thermal load ser\'ed [kWh/yr] = 0 
Eprim,AC = AC primary load served [kWh/yr] 
Eprim,Dc= DC primary load served [kWh/yr] = 0 
Edef = deferrable load served [kWh/yr] = 0 
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Egrid,saies = total grid sales [kWh/yr] == 0 
The second term in the numerator is the portion of the annualized cost that results 
from serving the thermal load. In systems that do not serve a thermal load (EthermanO), 
this term will equal zero. Other terms Cboiier, Eprim.oc, Edef ,and , Egrid,saies are not 
applicable, hence their values are zero. 
Hnece, COE= (6.10) 
To get optimal configuration and control of HRES, an analysis of multifactor function 
is conducted (Rao, 2006): 
• COE is to be kept minimum, which may be given by 
xmniCOE =f(L, CU, n, COF, QF, RE, T, P,...)) (6.11) 
L - Energy consumption, Cf/, - Overall cost of each unit, «, - Number of the units of 
the same type, COFj - Cost of fuel, QFj - Fuel consumption of the unit, RE - Available 
Renewable Energy, T, - Life time of the unit, Pj - Rated power of the unit. 
• System sustainability is the maximum stability or minimum number of supply 
interruption, may be given by 
miniErr =f(Li, RE P, SF„i„, SF^ ...)) (6.12) 
Where En - Number of supply interruptions, I, - Load with its own priority, SF„i„, 
SFmax - Minimum/Maximum stored energy. 
• If use of RE {REU) is maximum, the fiiel consumption (FQ is minimum. The 
objective may be represented by 
msKiREU =f{L, RE, Pu 5F„,>, SF„ax • • •)) (6-13) 
min(FC =/(! , RE, P, SF^ir, SF,,^ ...)) (6.14) 
From equations (6.11) and (6.12), optimization criterion may be combined to get a 
target fimction is: 
0T^t{min{COE),min(Err)) (6.15) 
7.4 Control Strategy of Hybrid Renewable Energy System 
The main control strategy of hybrid system is based on sizing optimization of the 
system where a part of input cannot be controlled. The control may be centralized, 
scattered on the units or combined for entire HRES. Generally control is not meant for 
RE sources; it is applied to the generators with conventional fuel, batteries and 
converter (combination of rectifier and inverter) independently or jointly. 
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A control system may be determined as passive or active according to their course of 
action. Most of passive system works on the 'on/off principle. It is used with simple 
HRES. On the other hand, active control system is used with large HRES using large 
numbers of components. The active system measures and calculates input data (energy 
flow, solar insolation, wind flow etc.). The system is flexible and can work in different 
modes (Notton et al, 2006). 
A programmable controller or software is suggested, which may be used to execute 
fimction of a control system. It may follow a control algorithm to keep the system 
maintain activities in the sequence as shown in Figure 7.1. A PV-WES-DG system is 
considered for the analysis. Power produced by WES is required to monitor, i.e., if 
voltage of wind generator greater than a minimum set voltage, DG set is stopped. If the 
voltage from wind generator is less than the minimum set voltage, then voltage received 
by the converter is the sum of voltage from WES and DG set. In this control, the 
harmfiil effect of deep discharging of batteries is avoided by a setpoint SoC, which is 
the total amount of energy currently contained in the battery bank, measured in kWh. 
When the batteries are fiilly charged, the absolute SoC is equal to the maximum 
capacity of the battery bank. The SoC is constantly monitored; if the batteries are 
discharged below a prescribed limit of SoC at 25%, the DG set starts. The timer is used 
to count time for the measurement of SoC, as indicated in Table 7.1 for a 12 V battery. 
The charger is given a signal between SoC 25% and 100% (batteries not fully charged) 
to restart charging process. The battery bank is also protected from overcharging by 
stopping the DG set and keeping it on trickle charge, rather than dissipating excess 
generated/stored energy in a dump load (Afzal et al, 2009). The changes in the control 
algorithm will be required; if more than one DG set is used for the purpose of energy 
security, i.e., Peak Shaving unit may be employed along with Power Transfer unit as 
used in Pare de la Verendrye, Quebec, Canada (Lautier et al, 2007). This technique 
provides energy with high efficiency at cheaper rate. 
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W E S 
DG 1 
DG 
Off Yes 
DG 
On 
P V 
Converter 
(Rectifier) 
AC to DC 
Charger 
^ 
w Trickle Charge 
Battery K-
Battery^^ Yes 
Full? 
Timer Converter (Inverter) 
DC to AC 
Yes 
L o a d 
Figure 7.1: Control algorithm of a hybrid renewable energy system 
Table 7.1: State of Charge of a 12 V Battery 
State of Charge in % 
Open Circuit Voltage 
100 
12.65 
75 
12.45 
50 
12.24 
25 
12.06 
Discharged 
11.89 or less 
Courtesy: Cadex Electronics Inc. Data 2009, Vancouver, Canada 
7.5 Simulation of Hybrid Renewable Energy System 
The proposed HRES is to be installed for light and power loads in different schools 
located at Amini Island Table 7.1 of Appendix. The equipments used in hybrid system 
are selected for simulation as shown in Figure 7.2. For the sake of optimization, the 
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software chooses equipment/s and sizes of PV, wind turbine, DG set, battery bank and 
converter. 
PV and batteries are connected to a dc bus whereas wind induction generator and DG 
connected to an ac bus. A converter combination acts as a coupling between the two 
buses to keep the batteries always in charging mode directly through dc bus or to supply 
the load through ac bus. Different input variables are chosen such as 'Solar Resource 
Inputs', 'Wind Resource Inputs' as shown in Table 7.1 of Appendix, and 'Diesel 
Inputs' (Price 0.6, 0.8, 1 $/L). Other variables are 'Economic Inputs' (annual real 
interest rate 6%, project lifetime 25 yr), 'General Control Inputs' (SoC 25, 75, 100%), 
'Emission Inputs' (emission penalty 0 $/t), and 'Constraints' (as percent of load hourly 
load 10%; as percent of renewable output solar power output 25%, and wind power 
output 50%). 
Similarly, in the second case of Hathras, as shown in Figure 7.2, wind generator is 
replaced by biomass generator and the simulation is carried out using suitable inputs 
and sensitivity variables (Afzal et al, 2009). 
Wind 
Generator 
WES 18 
Generator 
DG 
^ 
^ 
^ 
^ ^ 
Primary Load 
880 kWh/d 
149 kW peak 
r o ^ - ^ 
Converter 
M PV 
Battery 
AC Bus DC Bus 
Figure 7.2: Basic block diagram of hybrid renewable energy system 
7.6 Simulation results 
Optimization results provide important detail of optimal hybrid system, like size of the 
system component, total NPC, COE, and GHG emission. In first case, hybrid PV-WES-
DG system is proposed for an actual primary load demand of 880 kWh/day, 149 kW 
peak (Appendix Table 7.1) along with batteries (Vision 6FM200D, 12 V, 200 Ah, 2.4 
kWh) and converter for Amini Island. DG set and battery bank are opted to maintain 
electric supply if solar and/or wind energy is not able to supply the load sufficiently. In 
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second scenario, PV-biomass generator-DG set, converter and batteries (Surrette 
6CS25P, 6 V, 1,156 Ah, 6.94 kWh) are considered for the same load demand in 
different weather conditions of Hathras (Appendix Table 7.2) for the sake of comparing 
the feasibility of the two energy systems. In this case also, energy security is given 
priority by using DG set and batteries and not relying fully on PV or biomass generator. 
There are two choices of optimization results: 
• Overall system ranking shows top-ranked system configurations according to NPC. 
• Categorized ranking shows least cost system of each type. 
The optimization results provide output data for several sensitive cases of each 
component and variable. Eight different wind speeds (average value 4.61, 5, 6, 10, 15, 
20, 25, and 30 m/s) and three different diesel prices (0.6, 0.8, and 1 $/L) are selected for 
sensitivity analysis. The software performs a separate optimization for each sensitivity 
case. Simulation time involved in finding this result is 2 h 40 min 55 sec. 
These results are indicated either in tabular or in graphic form. In the tabular form, 
sensitivity results consist of a list showing the least cost system for each sensitivity 
case. 
The breakdown of the system cost is: 
• The production and consumption of electrical energy by the system. 
• The operation of PV, wind generator, and DG, if the system contains one. 
• The use and expected life time of the battery. 
• The quantity of emission of the pollutants. 
• The hourly data to analyze those variables that stored for each hour of the year. 
The optimization result obtained from the simulation of the hybrid PV-WES-DG 
system suggested for the Amini Island is shown in Table 7.2 and Table 7.3. Besides 
following detail, it is also found in the result that electrical energy production by WES 
is 1,126,902 kWh/yr (93%) whereas 85,203 kWh/yr (7%) by DG, for wind speed 4.61 
m/s. 
The result in Table 7.2 is found for the eight different sensitivity variables of wmd 
speed, diesel price of 0,6 $/L, hub height 25 m, and setpoint SoC 25%. In the first case 
of Amini Island WES, PV system, DG set, battery, and converter are selected for 
simulation purpose but equipments configured after simulation are WES, DG set, 
battery, and converter. PV is not configured in this simulation result. Simulation time 
involved in carrying out this simulation is 2 h 40 min 55 sec. 
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Table 7.2: Optimization results of different sensitivity values of wind speed of 4.61 
m/s, 5 m/s, 6 m/s, 10 m/s, 15 m/s, 20 m/s, 25 m/s, and 30 m/s for diesel price 0.6 $/L, 
hub height 25 m and SoC 25% at Amini Island 
Wind 
Speed 
(m/s) 
4.61 
5 
6 
10 
15 
20 
25 
30 
Optimal System Equipments 
PV 
(kW) 
-
-
-
-
-
-
-
-
Wind 
Generator 
WES-18 
(Nos.) 
10 
10 
10 
6 
4 
5 
4 
4 
DG 
(kW) 
100 
100 
100 
100 
50 
-
-
-
Battery 
6FM200D 
(Nos.) 
168 
180 
156 
96 
96 
96 
96 
96 
Converter 
(kW) 
100 
100 
100 
100 
50 
50 
50 
50 
Optimal 
COE 
($/kWh) 
0.125 
0.106 
0.076 
0.038 
0.024 
0.022 
0.020 
0.020 
Initial 
Capital 
($) 
159,600 
162,000 
157,200 
113,200 
74,200 
74,200 
66,200 
66,200 
DG 
Running 
(h/yr) 
904 
655 
382 
570 
1734 
0 
0 
0 
GHG 
Emission 
(kg/yr) 
75,136 
55,391 
32,722 
45,933 
74,369 
0 
0 
I) 
Table 7.3: Net present cost breakdown of optimal system components for wind 
speed 4.61 m/s, diesel price 0.6 $/L, hub height 25 m and SoC 25% at Amini Island 
Component 
WES 
DG 
Battery 
Converter 
Totals 
Capital 
($) 
80,0(X) 
16,0{X) 
33,600 
30,000 
159,600 
Replacement 
$ 
0 
5,070 
79,522 
0 
84,593 
O&M 
$ 
6,392 
23,112 
8,590 
0 
38,094 
Fuel 
$ 
0 
218,848 
0 
0 
218,848 
Salvage 
$ 
0 
1,533 
1,923 
0 
3,456 
Total 
$ 
86,392 
261,498 
119,790 
30,000 
497,679 
The optimization result obtained from the simulation of the hybrid PV-biomass-DG 
system suggested for the Hathras is shown in Table 7.4 and Table 7.5. Besides 
following detail, it is also found in the result that electrical energy production by 
biomass generator is 300,965 kWh/yr (100%), for biomass price 30 $/t, diesel price 0.6 
$/L and SoC 25%. The optimization result is shown, obtained from the simulation of 
one the different sensitivity cases of hybrid PV-biomass-DG system considered for 
Hathras. The equipment selected for Hathras project are PV system, biomass generator, 
DG set, battery, and converter but the equipments configured after optimization are 
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biomass generator, battery, and converter for biomass price 20 $/t, 30 $/t and 40 $/t. PV 
is not found at this sensitivity value of biomass price. PV system, DG set, battery and 
converter are configured only when the biomass price is reached to 50 $/t. Simulation 
time involved in carrying out this simulation is 5 hr 04 min 59 sec. COE in the biomass 
case is 0.232 $/kWh (shown in Table 7.4) for biomass current price of 30 $/t as on 8 
February 2009 (NEDA, 2009), which is more than first case of 0.125 $/kWh (shown in 
Table 7.2) for average value of wind speed of the island. GHG emission in the case of 
biomass generator is merely 76.6 kg/yr (shown in Table 7.4) whereas in first case its 
value is 75,136 kg/yr (shown in Table 7.2). When biomass cost is excessively high i.e. 
50 $/t, PV system and DG set are configured. GHG emission jumps to a very high value 
of 209,636 kg/yr (shown in Table 7.4). 
Table 7.4: Optimization results of different sensitivity values of biomass price of 20 
$/t, 30 $/t, 40 $/t, and 50 $/t for diesel price 0.6 $/L and SoC 25% at Hathras 
Biomass 
Price 
$/t 
20 
30 
40 
50 
Optimal Equipments 
PV 
kW 
-
-
-
50 
Biomass 
Generator 
kW 
60 
60 
60 
-
DG 
kW 
-
-
-
50 
Battery 
6CS25P 
Nos. 
60 
72 
72 
60 
Converter 
kW 
25 
25 
25 
25 
Optimal 
COE 
kWh 
0.189 
0.232 
0.276 
0.279 
Initial 
Capital 
$ 
87,500 
93,500 
93,500 
305,417 
Biomass 
generator 
/DG 
Running 
h/yr 
Biomass run 
hr/yr 6,004 
Biomas run 
hr/yr 5,805 
Biomass run 
hr/yr 5,805 
DG run hr/yr 
5,366 
GHG 
Emission 
kg/yr 
77 
76.6 
76.6 
209,636 
NPC breakdown of biomass system and other components for biomass price 30 $/t, 
diesel price 0.6 $/L and SoC 25% are shown in Table 7.5. 
Table 7.5: Net present cost breakdown of system components for biomass price 30 
$/t, diesel price 0.6 $/L and SoC 25% at Hathras 
Component 
Biomass 
Generator 
Battery 
Converter 
System 
Capital 
$ 
50,000 
36,000 
7,500 
93,500 
Replacement 
$ 
182,674 
16,069 
0 
198,744 
O&M 
$ 
74,207 
4,602 
0 
78,809 
Fuel 
$ 
465,939 
0 
0 
465,939 
Salvage 
$ 
3,029 
4,613 
0 
7,642 
Total 
$ 
769,792 
52,058 
7,500 
829,350 
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7.7 Conclusions 
A hybrid system consisting of WES and PV energy system are integrated with a 
DG set to provide energy security to an isolated electric load of Amini Island in 
Indian Ocean. Sensitivity analysis and optimization are carried out for the 
integrated energy project to provide electricity for a load needing an annual 
average energy 880 kWh/day (peak annual load 148.9 kW). 
Simulation results of different sensitivity variables of wind speed of 4.61 m/s, 5 
m/s, 6 m/s, 10 m/s, 15 m/s, 20 m/s, 25 m/s, and 30 m/s for diesel price 0.6 $/L, hub 
height 25m and SoC 25% at Amini Island are indicated in Table 7.2. As per 
weather data the island is suitable for installation of PV and wind generators. The 
following conclusions are derived from the simulation results. 
• From average wind speed 4.61 m/s to extremely high wind speed 30 m/s, 
PV system is not configured. The equipments configured are WES with hub 
height 25 m, DG set, batteries and converter with initial capital $ 159,600, 
COE 0.125 $/kWh, DG running 904 h/yr and GHG emission 75,136 kg/yr 
when sensitivity variable of SoC 25%. For hub height 20 m, total NPC and 
COE are found $ 541,041 and COE 0.312 $/kWh respectively keeping other 
variables constant. Similarly if SoC is taken 75% and other variables same, 
total NPC $ 520,814 and COE 0.127 $/kWh. 
• In the event of high wind speed of 20 m/s, number of wind generators 
decreased to 5, number of batteries 96, converter power 50 kW, COE 0.022 
$/kWh, initial capital $ 74,200 without DG power and hence zero emission. 
For wind speed more than 15 m/s, DG set is not configured, reducing GHG 
emission to zero. 
Following are main points inferred from simulation results of different 
sensitivity variables of biomass price of 20 $/t, 30 $/t, 40 $/t, snd 50 $/t for diesel 
price 0.6 $/L and SoC 25% at Hathras shown in Table 7.4. As per weather and 
agricultural data the place suitable is for installation of PV and biomass generators 
combined with DG set. . 
• The optimal configuration of system consists of biomass generating system 
60 kW, 60 number of 6CS25P batteries and converter 25 kW with initial 
capital $ 87,500, 
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• Optimal COE 0.189 $/kWh, biomass generator annual running hour 6,004 
h/yr and small quantity of GHG emission 77 kg/yr in absence of DG set 
when biomass price is minimal 20 $/t. 
• When the price of biomass exceptionally high 50 $/t, too expensive to fuel 
the biomass generator, in that condition biomass is not configured. The 
equipments configured are PV power 50 kW, DG power 50 kW, 60 number 
of batteries, converter power 25 kW with COE 0.279 $/kWh, enormously 
high initial capital $ 305,417 and GHG emission 208,697 kg/yr. 
After simulating all possible RESs in various combinations for its performance, 
financial, GHG emission, sensitivity and GHG emission analyses. Chapter 8 
provides the conclusion drawn from simulation results of RESs discussed in 
Chapter 3, 4, 5, 6, and 7 and the future research work possible as an extension of 
this study. 
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CHAPTER 8 
MAIN CONCLUSIONS AND FUTURE WORKS 
8.1 Main Conclusion 
The thesis deals with various aspects of simulation results of different RESs for 
different sites using the two software tools. One tool provides performance analysis 
of RES giving detail of energy produced/exported, income from export, GHG 
emission, income from GHG emission reduction and cash flows. Other tool 
configures optimal equipments out of various equipments opted for simulation. 
Complete sensitivity analysis and optimization techniques are provided from least 
NPC onwards. If COB is considered as selection criteria, then the software provides 
non-optimal equipments for the system model. 
In Chapter 3 the results of the energy model of WES shown in Table 3.1, that 3,942 
MWh energy is generated annually by using 1.5 MW WES giving an annual income 
from electricity export of $ 275,940. GHG emission is 0 tCOa/yr as compared to 
gross GHG emission 4,568 tCOa/yr in base case generation which uses fossil fue4 in 
Indian scenario. The model calculates the net annual reduction in GHG emissions 
estimated to occur if the proposed case is implemented. Net annual GHG emission 
reduction is 4,477 tC02/yr equivalent of 910 cars & light trucks not used armually 
giving total annual savings and income $ 365,469. The calculation is based on the 
gross annual GHG emission reduction and the GHG credits transaction fee. Total 
annual cost is $ 282,430 and equity payback 8.0 yr when cash flows become 
positive. 
The number of wind turbine configured in the simulation is one; model GE 1.5sl 
with rated power 1500 kW selected from the drop-down list of the tool which starts 
generating 40 kW even at low wind speed of 4 m/s. Sensitivity results, in Table 3.5, 
are carried out for minimum, average and maximum wind speeds 4.300 m/s, 5.796 
m/s and 6.700 m/s respectively and WES life 20 yr and 25 yr. The following 
conclusions of WES are observed from the results: 
• For project life of 20 yr, total NPC $ 3,966,440 is same for all wind speeds 
but COE is minimum of 0.050 $/kWh in case of highest wind speed 6.700 
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m/s; 0.058 $/kWh for average wind speed 5.796 m/s; and highest COE of 
0.091 $/kWh for minimum wind speed 4.3 m/s. Therefore proving the fact 
that COE decreases as wind speed increases. 
• If the project life increased to 25 yr total NPC and COE are reduced from $ 
3,966,440 to $ 3,554,597 and from 0.050 $/kWh to 0.045 $/kWh respectively 
for sensitivity variable wind speed 6.7 m/s. For wind speeds 5.796 m/s and 
4.300 m/s, NPC are same $ 3,554,597 also. But COE are 0.052 $/kWh and 
0.082 $/kWh respectively. 
• Capacity shortages are same for the same wind speeds irrespective of project 
lives. The total amount of capacity shortage that occurred during the year is 
9,594,032 kWh/yr (73.6%). 
• Initial capital $ 3,115,500 is same for all project lives and all wind speeds as 
one number of wind turbine configured as one. 
• For projects lives 20 yr and 25 yr, operating costs are 60,376 $/yr and 31,155 
$/yr respectively. These costs remain same for all wind speeds. If the project 
life increased by 5 yr, the operating cost is decreased tremendously. 
• As shown in Table 3.7, production from wind turbine is found 5,178,394 
kWh/yr (100%), consumption by ac primary load 4,829,966 kWh/yr (100%) 
and excess electricity 348,430 kWh/yr (6.7%). 
• The proportion of the total load that went unserved because of insufficient 
generation is unmet electric load, i.e. 8,203,102 kWh/yr (62.9%). 
In Chapter 4, 1.5 MW PV energy system is simulated to judge its performance 
using energy model as shown in Table 4.2. Electricity generated annually and 
exported to load by the PV energy system is 2,628 MWh and income from the 
export $ 183,960. Gross annual GHG emission reduction due to use of the RE is 
3,045 tC02 and net annual GHG emission reduction 2,984 tCOa , which is 
equivalent to 1,213,294 liters of gasoline not consumed annually. Income from GHG 
reduction is $ 59,686, hence total annual savings and income from the PV energy 
system $ 243,646. In this case, total annual cost is $ 202,319 and equity payback 2.9 
yr when cash flow becomes positive. 
Sensitivity results of PV energy system with capital cost multiplier 1 & 0.8, 
replacement cost multiplier 1 & 0.8, and PV life of 20 & 25 yr in Table 4.3 conclude 
that: 
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For project life of 25 yr, NPC of $ 2,920,597 and COE 0.077 $/kWh are less 
than values of NPC $ 3,290,603 and COE 0.086 $/kWh for 20 yr lifetime. 
For PV replacement cost multiplier 1 and 0.8, NPC and COE remain same 
i.e., $ 2,920,597 and 0.077 $/kWh respectively for project life 25 yr. If the 
sensitivity variable PV replacement cost multiplier decreases from 1 to 0.8, 
NPC changes from $ 3,290,603 to $ 3,216,602 and COE from 0.086 $/kWh 
to 0.084 $/kWh for life span of 20 yr. 
Decrease in NPC takes place from $ 2,920,597 to $ 2,410,397 when capital 
cost multiplier of PV is dropped from 1 to 0.8 for life span of 25 yr. 
Similarly, NPC decreases from $ 3,290,603 to $ 2,780,403 when capital cost 
multiplier of PV is dropped from 1 to 0.8 for life span of 20 yr. 
Operating cost becomes tremendously less i.e., $ 1700 for project life of 25 
yr as compared to $ 43,253 for 20 yr project of life. 
In Table 4.5 optimization results for PV energy system is obtained for capital 
cost multiplier 1, PV replacement cost multiplier 1 and PV life 20 yr. Total NPC 
and COE are optimal and calculated as $ 3,293,603 and 0.086 $/kWh respectively 
in optimal results having 1700 kW PV system and 1300 kW converter. There is 
marginal rise in initial capital and operating cost of next-to-optimal system as 
compared to respective cost of optimal system. The PV cells of BP Solar make 
having 10000 units, model mono-Si - BP 4150 are opted. In the second case, 
actually non-optimal system one battery (Surrette S4KS25P) of nominal voltage 
4V, nominal capacity 1,900 Ah (7.6 kWh) and lifetime throughout 10,560 kWh is 
added in the configuration. Similar optimization results are achieved for PV 
project life of 25 yr shown in Table 4.4. A cash summary for the PV energy 
system is illustrated in Table 4.6, indicating PV capital $ 2,040,800, replacement $ 
717,839, O&M 239,597 $/yr, fuel cost nil, and salvage value $ 421,835. The 
capital cost of battery is taken as $ 800, replacement $ 520, O&M 282 $/yr, fuel 
cost nil, salvage cost $ 162. The capital cost of converter is taken as $ 130,000; 
other costs are nil. All these detailed costs of entire system are shown. In other 
optimization results electric production and consumption are shown for project life 
of 20 yr. The results are shown in Table 4.7 indicating PV array production 
3,122,355 kWh/yr (100%), ac primary load consumption 2,706,223 kWh/yr 
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(100%), excess electricity 115,415 kWh/yr (3.7%), unmet electric load 10,326,839 
kWh/yr (79.2%) and capacity shortage 11,721,015 kWh/yr (89.9%). 
In Chapter 5, energy model of 1.5 MW biomass energy project is shown in Table 
5.3 indicating detail of performance analysis of proposed case power system, GHG 
emission analysis and financial analysis. Electricity generated annually by 6 units of 
biomass generator Entropic Energy made Turbion model and exported to grid is 
12,089 MWh and income from it $ 846,216. The emission analysis of GHG of base 
case is 18,239 tCOa if a fossil fuel based generation used. GHG emission from 
propose case of biomass generation is merely 513 tC02, gross armual GHG emission 
reduction 17,726 tC02, and net annual GHG emission reduction 17,371 tCOa 
equivalent to 14,765 acres of forest absorbing GHG emission. Income from GHG 
reduction $ 347,427 and therefore, total annual savings and income is $ 1,193,643. 
Equity payback starts just after 0.3 yr when cash flows become positive. 
In Table 5.4 sensitivity results of 1.5 MW biomass energy system with biomass 
resource availability 300 t/d, 360 t/d & 400 t/d, and biomass price of 20 $/t, 30 $/t 
and 40 $/t are concluded as under: 
• Operating cost 1,509,280 $/yr, total NPC $ 21,971,714, COE 0.132 $/kWh, 
biomass consumption 35,661 t/yr and biomass operation hours 8,759 h/yr are 
same for all sensitivity variables of biomass cost of 30 $/t for all values of 
biomass resource supply 400 t/d, 360 t/d and 300 t/d when biomass price of 
30 $/t until the biomass resource supply reduced to 90 t/d. 
• Similarly operating cost, total NPC, COE, biomass consumption and 
biomass operation hours are same for biomass price of 20 $/t and 40 $/t. 
• For insufficient biomass resource supply 90 t/d operating cost is reduced 
from 1,509,280 $/yr to 1,389,625 $/yr; total NPC reduced from $ 21,971,714 
to $ 20,285,300; and COE increased from 0.132 $/kWh to 0.133 $/kWh for 
biomass price 30 $/t. 
• Biomass consumption also depends upon biomass resource supply. If the 
supply is reduced from 300 t/d to 90 t/d, the consumption slumped from 
35,661 t/yr to 32,849 t/yr and so the operation hours of biomass generator 
from 8,759 h/yr to 8,080 h/yr. 
• If b iomass price increases operat ing cost, total N P C and C O E also increase. 
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In Table 5.5 optimization results of 1.5 MW biomass energy system is indicated 
when sensitivity variables biomass resource 400 t/d, 360 t/d, 300 t/d, 90 t/d, and 80 
t/d; and biomass cost of 20 $/t, 30 $/t and 40 $/t. Optimal results are obtained for 
sufficient biomass resource supply which is able to operate the biomass generator 
throughout a year. Operating cost 1,152,675 $/yr, total NPC $ 16,945,732, COE 
0.102 $/kWh and biomass operating hours 8,759 hr/yr remain same for all values of 
sufficient biomass resource supply. These parameters start changing as soon as 
biomass resource supply becoming insufficient, i.e. when biomass resource supply 
becomes 90 t/d or 80 t/d, keeping initial capital unchanged. 
Simulation results of cost summary of 1.5 MW biomass energy system are 
indicated in Table 5.6. The results show capital cost of the project $ 700,000, O&M 
cost $ 5,457,828, fuel charges $ 8,888,194 and salvage value $ 16,370. In other 
simulation results shown in Table 5.7 electric production is indicated 11,823,917 
kWh/yr (100%); ac primary load consumption 11,797,253 kWh (100%); excess 
electricity 26,668 kWh (0.2%); unmet electric load 1,235,808 kWh/yr (9.5%); and 
capacity shortage 2,100,556 kWh/yr (16.1%). 
In Chapter 6 energy model of 1.5 MW of integrated energy project of WES 750 
kW and PV energy system 750 kW is shown in Table 6.1 indicating detail 
performance analysis of proposed case power system, GHG emission analysis and 
financial analysis. In the energy model 15 units of wind turbines of Atlantic Orient 
make, model AOC 15/50 - 23m and 3000 units of Uni-Solar make, model a-Si-SSR-
256W are opted. The electricity generated annually by the WES and PV energy 
system are 1,971 MWh and 1,314 MWh respectively. Income from both the 
generations is $ 229,950. Net annual GHG emission reduction due to use of RE is 
3,730 tC02 and income from it $ 74,607; therefore total annual saving and income is 
$ 304,557. Simple payback period is 9.5 yr whereas equity payback period is 6.9 yr 
when cash flows become positive and project starts giving profit. 
Sensitivity and optimization results of 1.5 MW integrated systems of wind energy 
and PV energy are obtained for sensitivity variable of 20 yr and 25 yr as shown in 
Table 6.2 and concluded as under: 
• PV energy system, WES (FL 250), battery (S4KS25P) and converter are 
equipments configured after simulation. The optimal equipments configured 
for 20 years project life are PV 1300 kW and converter 850 kW with initial 
Anis Afeal 
Chapter 8-Main Conclusions and Future Works 2010 
capital $ 2,685,000, operating cost 73,502 $/yr, NPC $ 3,720,939 and COE 
0.131 $/kWh. 
• The equipments configured in second system which is actually non-optimal, 
consists PV 1300 kW, 120 numbers of batteries and converter 800 kW 
with total NPC $ 3,863,323 and COE 0.137 $/kWh. 
• If both PV energy system and WES are to be considered for integration 
anyhow, third non-optimal system is used. The simulation is configured for 
PV 1200 kW, one number of WES FL250 and converter 900 kW with NPC $ 
4,139,680 and COE 0.145 $/kWh. 
• In other non-optimal system only 28 numbers of WESs FL250are configured 
with very high values of NPC $ 19,416,006 and COE 0.656 $/kWh. 
• All above results are obtained for project life 20 yr with lower values of 
operating cost, total NPC and COE; but initial capital for various respective 
configurations are same as that of project of life 25 yr. 
In Table 6.3 energy model of 1.5 MW integrated energy project of PV system 750 
kW and biomass energy system 750 kW is shovm indicating detail of performance 
analysis of proposed case power system, GHG emission analysis and financial 
analysis. For PV energy system 6250 numbers of PV cells of Uni-Solar make, model 
a-Si-ASR-120W and 3 units of biomass generators Entropic Energy make, model 
Turbion of are selected. The electricity generated and exported to grid annually by 
the PV energy system and biomass energy system are 1,314 MWh and 7,358 MWh 
respectively. Income firom export of both the generations is $ 515,088. Net annual 
GHG emission reduction due to use of RE is 8,105 tC02 and income from it $ 
162,092; therefore total annual saving and income is $ 677,180. Simple payback is 
period is 11 yr whereas equity payback period 13.7 yr when cash flows become 
positive and project starts giving profit. 
Sensitivity results of 1.5 MW integration of PV and biomass systems for sensitivity 
variables of biomass price 30 $/t and 40 $/t are illustrated in Table 6.4. The 
following points are concluded: 
• In the simulation biomass generated, PV energy system, battery, converter 
are considered; but only biomass generator 1500 kW is configured. 
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• Initial capital $ 600,000 is throughout same for all sensitivity variables of 
biomass price 30 $/t and 40 $/t; and biomass resource supply 300 t/d, 360 t/d 
and 400 t/d. 
• Operating cost $ 1,338,895, total NPC $ 17,285,586 and COE 0.118 $/kWh 
are same for biomass price 30 $/t for all values of biomass resource supply. 
• Similarly, operating cost $ 1,697,854, total NPC $ 21,759,016 and COE 
0.148 $/kWh are found same for biomass price 40 $/t for all values of 
biomass resource supply. 
In Table 6.5 optimization results of 1.5 MW integrated PV and biomass systems 
are indicated for sensitivity variables of biomass price 30 $/t and biomass supply 
360 t/d. Only biomass generator 1500 kW is configured as optimal system. PV 
system, battery, or converter are not configured at all with initial capital $ 600,000, 
operating cost 1,338,895 $/yr, total NPC $ 17,285,586, COE 0.118 $/kWh and 
biomass consumption 35,896 t/yr. The second non-optimal system consists of 
biomass generator 1500 kW, 12 numbers of batteries (S4KS25P) and converter 25 
kW with more initial capital $ 618,300, operating cost 1,339,204 $/yr and total NPC 
$ 17,307,738; and same values of COE 0.118 $/kWh and biomass consumption 
35,896 t/yr. Another non-optimal system is also configured consisting of both REs -
PV power 25 kW, biomass power 1500 kW - and converter power 25 kW with 
different initial capital $ 707,500 and operating cost $1,338,564, total NPC $ 
17,388,968; and same COE 0.118 $/kWh and biomass consumption 35,896 t/yr. One 
more non-optimal system is also possible configuring of all equipments - PV power 
25 kW, biomass power 1500 kW - 12 numbers of batteries with different initial 
capital $ 718,300, operating cost 1,338,873 $/yr and total NPC $ 17,403,620; and 
same COE 0.118 $/kWh and biomass consumption 35,872 t/yr. 
Integration of PV and biomass systems sharing equal load of 750 kW each is found 
non-feasible as shown in cumulative cash flows graph in Figure 6.4. It is not found 
practically feasible when the percentage of load share of biomass system is equal to 
PV system power share. The integration of PV and biomass system is feasible only 
if the biomass power share is made more than the load share by PV system. 
Energy Model of 1.5 MW integrated energy project of biomass 750 kW and wmd 
energy system 750 kW indicating detail of performance analysis of proposed case 
power system, GHG emission analysis and financial analysis are indicated in Table 
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6.6. For simulation purpose 3 units of biomass generator totaling 750 kW Entropic 
Energy make, model Turbion and 15 units of WES Atlantic Orient make giving 750 
kW, model AOC 15/50 - 25m are selected on the basis of the sites requirements. 
The annual electricity generated and exported to grid by the biomass generator and 
WES are 6,044 MWh and 1,971 MWh respectively - totaling 8,015 MWh electricity 
generated and income from the export $ 561,078. Net annual GHG emission 
reduction due to use of RE systems of biomass and wind energies is 8,850 tC02 and 
income from emission reduction $ 177,013 and total income from the integrated 
system $ 738,091. Cash flows become positive after equity payback period after 2.7 
yr and simple payback period after 5.2 yr. 
Sensitivity results of 1.5 MW integrated biomass system and WES for sensitivity 
variables biomass supply 300t/d, 360t/d, 400 t/d and biomass price 30 $/t and 40 $/t 
are as shown in Table 6.7. The following points are concluded: 
• Sensitivity results of 1.5 MW integrated biomass system and WES is 
exactly same as sensitivity results of integrated PV and biomass energy 
systems shown in Table 6.4. Therefore all the main conclusions are found 
same for the integrated PV and biomass energy systems. 
• This concludes that biomass energy system plays a dominant role over 
other RESs. 
• The results show that only biomass energy system is configured; WES is 
left out of configuration. 
Optimization results are depicted in Table 6.8 for integration of 1.5 MW of 
biomass and wind energy systems for sensitivity variables of biomass price 30 $/t jr 
and 40 $/t. The optimal configuration consists of biomass energy system 1500 kW 
with initial capital $ 600,000, operating cost 1,338,586 $/yr, total NPC $ 
17,285,586, COE 0.118 
$/kWh and biomass consumption 35,896 t/yr for sensitivity variable biomass price 
30 $/t. The same result is found for optimal system in Table 6.4 and 6.5 for 
integration of PV and biomass energy systems. In second non-optimal system 
consists of 1 number of WES G20 is added with all other equipments same as 
opfimal system with initial capital $ 638,000, operating cost 1,339,269 $/yr, total 
NPC $ 17,328,252, COE 0.118 $/kWh, biomass consumption 35,883 t/yr for 
biomass price 30 $/t. In third non-optimal system when biomass price is increased to 
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40 $/t initial capital remains same as $ 600,000 but operating cost (1,697,854 $/yr), 
total NPC ($ 21,759,016), COE (0.148 $/kWh) and biomass consumption (35,896 
t/yr) are increased as shown within brackets. 
Sensitivity analysis and optimization technique are used for integration of all the 
three main REs i.e., wind, PV and biomass for the production of electricity. For that 
purpose simulation of 1.5 MW integrated energy project consisting of WES 500 kW, 
PV energy system 500 kW and biomass energy system 500 kW are applied using 
HOMER software tool. A non-optimal study for performance analysis is not carried 
out since RETScreen tool does not have provision for simulation of three RESs 
simultaneously. Sensitivity results of integrated wind, PV and biomass energy 
systems are indicated for sensitivity variables of biomass price of 30 $/t and 40 $/t 
shown in Table 6.9. The following points are concluded: 
• Equipments considered for simulation are WES, PV energy system, biomass 
energy system and converter; but only biomass is configured for all 
sensitivity variables biomass supply 300 t/d, 360 t/d and 400 t/d; and biomass 
price 30 $/t and 40 $/t. 
• For all sensitivity variables of biomass supply and price, initial capital is $ 
600,000 as only biomass generator is present in the configuration. 
• When biomass price is 30 $/t operating cost 1,340,518 $/yr, total NPC 
$ 19,493,186 and COE 0.117 $/kWh for biomass supply 300 t/d, 360 t/d and 
400 t/d. 
• Similarly, when biomass price enhanced 40 $/t operating cost is 1,699,478 
$/yr; total NPC $ 24,552,342; and COE 0.148 $/kWh for biomass supply 300 
t/d, 360 t/d and 400 t/d. 
• These results are same as to sensitivity results of integrated PV and biomass 
systems indicated in Table 6.4. 
Optimization results of 1.5 MW integrated wind, PV and biomass energy systems 
for sensitivity variables of biomass price 30 $/t yr and 40 $/t are shown in Table 
6.10. All the optimization results are found in favor of biomass electricity 
generation. The optimal system consists of only biomass generator 1500 kW with 
operating cost 1,340,518 $/yr, total NPC $ 19,493,186 and COE 0.117 $/kWh for 
biomass price 30 $/t which is also shown in sensitivity analysis. In the third 
configuration which is non-optimal, biomass system 1500 kW, PV system 25 kW 
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and converter 25 kW present with initial capital $ 657,500, operating cost 
1,340,760 $/yr, total NPC $ 19,554,090 and COE 0.117 $/kWh with biomass price 
30 $/t. WES is not configured at all for any sensitivity variable. 
In Chapter 7 a hybrid system consisting of integrated system of WES, PV energy 
system and a DG set to provide energy security to an isolated electric load of Amini 
Island in Indian Ocean is chosen. Sensitivity analysis and optimization are applied 
for a load of annual average energy 880 kWh/day (peak annual load 148.9 kW). 
Simulation results of different sensitivity variables of wind speed of 4.61 m/s, 5 
m/s, 6 m/s, 10 m/s, 15 m/s, 20 m/s, 25 m/s, and 30 m/s for diesel price 0.6 $/L, hub 
height 25m and SoC 25% at Amini Island are indicated in Table 7.2. As per weather 
data the island is suitable for installation of PV and wind generators. The following 
conclusions are derived from the simulation results: 
• Energy security is important for an island; therefore hybrid system is 
preferred over a system using one RES, so that strong points of conventional 
and RES may be availed. 
• From average wind speed 4.61 m/s to extremely high wind speed 30 m/s, PV 
system is not configured. The equipments configured are 10 numbers of wind 
generator WES-18, DG set 100 kW, 168 numbers of batteries 6FM200D and 
converter 100 kW with initial capital $ 159,600, COE 0.125 $/kWh, DG 
nmning 904 h/yr and GHG emission 75,136 kg/yr when sensitivity variable 
of SoC 25% and hub height 25 m. For hub height 20 m, total NPC and COE 
are found $ 541,041and COE 0.312 $/kWh respectively keeping other 
variables constant. Similarly if SoC is taken 75% and other variables same, 
total NPC and COE are found $ 520,814 and 0.127 $/kWh respectively. 
• Number of wind generators 10 remains same for sensitivity variable wind 
speed up to 6 m/s. The DG power and the converter power, number of 
batteries, COE, DG running hour and GHG emission decrease. 
• For wind speed reaches 15 m/s, number of wind generators reduces to 4, DG 
power 50 kW, same number of batteries 96, converter power 50 kW, COE 
0.024 $/kWh, initial capital $ 74,200, DG running 1734 h/yr and GHG 
emission 74,369 kg/yr. 
• In the event of high speed 20 m/s, number of wind generators is further 
decreased to 5, number of batteries 96, converter power 50 kW, COE 0.022 
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$/kWh, initial capital $ 74,200 without DG power and hence zero emission. 
At higher wind speed (> 15 m/s), DG set is not configured at all, reducing 
GHG emission to zero. 
Following are main points inferred from optimization results of different 
sensitivity variables of biomass price of 20 $/t, 30 $/t, 40 $/t, and 50 $/t for diesel 
price 0.6 $/L and SoC 25% at Hathras as shown in Table 7.4. As per weather and 
agricultural data the place in mainland is suitable for installation of PV and biomass 
generators, with following concluding remarks: 
• For sensitivity variable of biomass price 20 $/t, 30 $/t and 40 $/t, PV 
generator and DG set are not configured. The equipments configured are 
biomass generator, batteries, and converter. 
• The optimal configuration of system consists of biomass generating system 
60 kW, 60 number of 6CS25P batteries and converter 25 kW with initial 
capital $ 87,500, 
• Optimal COE 0.189 $/kWh, biomass generator annual running hour 6,004 
h/yr and small quantity of GHG emission 77 kg/yr in absence of DG set 
when biomass price is minimal 20 $/t. 
• The above trend of various equipments and values remain nearly same for 
biomass price 30 $/t and 40 $/t, except COE whose slightly enhanced values 
are 0.232 $/kWh and 0.276 $/kWh respectively. 
• When the price of biomass extremely high 50 $/t, too expensive to fuel the 
biomass generator, in that condition biomass is not configured. The 
equipments configured are PV power 50 kW, DG power 50 kW, 60 number 
of batteries, converter power 25 kW with COE 0.279 $/kWh, enormously 
high initial capital $ 305,417 and GHG emission 209,636 kg/yr. 
• In case HRES containing PV, WES, and DG set, the simulation shows that 
COE: 
(i) decreases as wind speed increases, 
(ii) increases with the increase in diesel price, 
(iii) decreases as hub height increases, and 
(iv) increases with setpoint SoC. 
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Sometime optimal configurations simulated by the software are not 
practically possible to install, hence compromise has to be made in favor of 
second or third most economical configuration which may not be optimal. 
When WES and PV energy system are integrated and allowed to generate 
equal power for a particular load demand; it is found that WES generates 
nearly 1.5 times more power than PV system to meet the load. In another 
case when PV and biomass systems are integrated to deliver equal power, 
biomass system generates nearly more than six times the PV power to meet 
the same load demand. In the third combination of integration of biomass 
energy system and WES, biomass generates nearly three times power than 
wind power. 
In case of integrated WES and PV system, net annual GHG emission 
reduction is less than half as in the case of integrated system of PV and 
biomass; or integrated system of biomass and wind. Therefore, total GHG 
emission reduction income in integration of WES and PV system is less than 
half the integrated system of PV and biomass; or integrated system of 
biomass and wind. 
In biomass energy system GHG emission is less; hence income from 
reduction in GHG emission is high than any other RES. 
Total annual saving and income of integrated system of wind and PV is 
found less than half the integrated system of PV and biomass; or integrated 
system of biomass and wind. 
The objectives and results of the thesis are unique; however there are some 
limitations. All the costs are taken from current market rate which may not 
be universal and applicable all the time. It was not possible to verify the 
results obtained from simulation in real time. Results obtained do not provide 
complete design details of RE components. 
8.2 Future Works and Recommendations 
This thesis explores the performance and feasibility of decentralized RESs 
consisting of wind, PV and biomass energy systems and their integrated systems 
in different conditions and situations. Since the analysis is conducted to study 
the performance, financial and GHG emission with sensitivity analysis and 
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optimization, it is found that there is plenty of scope for further research. Some 
possible recommendations for future works in the directions are following: 
• Efforts should be made by researchers to design, manufacture and install 
model and prototype experimental set up for further research and 
development purpose. Those model/prototype set up may be allowed to 
produce electricity in artificially generated weather conditions. An approach 
may be made to verify simulated data by using the experimental set up. This 
approach will also help find the validation of the software tools used for the 
simulation. 
• Software may be developed for sensitivity analysis and optimization for fuel 
cell, geothermal, tidal, and other RESs to incorporate in the existing software 
for future study. 
• Complete design detail of RESs is not incorporated in simulation software. 
Therefore it is required to develop software giving all design details of each 
RE equipments. 
• RETScreen software tool provides non-optimal simulation result for 
performance, financial, and GHG emission analyses; whereas the other 
software tool HOMER conducts simulation with sensitivity analysis and 
optimization. A sincere effort is required to develop software combining 
both RETScreen and HOMER so that positive points of both the software 
tools may be availed in one software. 
• HOMER software simulation shows COE generated by biomass changes 
little or does not change at all even when biomass resource supply is reduced 
considerably. It shows reduction in biomass consumption and operation 
hours in a year. It should also show the change in COE when biomass 
generator running with short supply of biomass for whole year. Therefore 
some change is suggested in the software. 
• Positive cash flow and equity payback period reaches earliest in biomass 
generation system than any other RES, giving back returns of the investment 
to investor. Therefore, it is recommended to prefer biomass generating 
system over other RES as far as possible for quick money-back. 
• If biomass available it is always beneficial to use biomass energy so that 
GHG emission may be avoided. Biomass releases carbon dioxide when it is 
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used for gasification. Biomass absorbs carbon dioxide during sunlight hours 
as it grows; the entire process of growing, using, and re-growing biomass 
results in very low to zero carbon dioxide emissions. If proper balance is 
maintained between growing and gasifying of biomass in a particular area, 
zero emission may be achieved while generating electricity. 
• Integration of biomass system with other REs used to generate power are 
found feasible only when the percentage of load share of biomass system is 
more than other REs. In optimal system of integrated RESs, only biomass 
system is found in configuration. No other RESs is configured in optimal 
results. Therefore, in future integrated RES, biomass generator should be 
allowed to share more load than other REs as far as possible to generate 
cheaper and cleaner electricity. 
• Small-scale rural industries (such as flour and oil mills, paddy huliers, 
handicraft units etc.) requiring electricity in isolated villages should be 
encouraged to set up their own electricity generating units using biomass; 
which is available in abundance in Indian villages. Government and 
manufacturers should provide subsidy and discount etc. on these activities. 
• In coming days integration of REs will play vital role in power generation 
sector mainly due to growing demand of GHG emission mitigation. 
Therefore, projects involved in the integration of RESs should be 
encouraged. 
• As on today, very few research works have been done in the field of 
comparing two or more REs for various sites to see the feasibility of the 
RES. Therefore, it is a need of time to do work in this area to find out 
suitability of RES for a particular site. 
• More research work is required to do in the field of RE other than wind, PV 
and biomass as for example FC, geothermal, ocean thermal etc. 
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APPENDIX 
Table 1.1: Countries with large population without access to electricity in 
the year 2002 
Country 
India 
Bangladesh 
Indonesia 
Nigeria 
Pakistan 
Ethiopia 
D.R. of Congo 
Mayanmar 
Tanzania 
Kenya 
Afghanistan 
Uganda 
Sudan 
Nepal 
Vietnam 
DPR of Korea 
China 
Mozambique 
Total for above 
countries 
Total 
population 
(million) 
1015.90 
131.10 
210.40 
126.90 
138.10 
64.30 
50.90 
47.70 
33.70 
30.10 
25.90 
23.40 
31.10 
23.00 
78.50 
22.30 
1262.50 
17.70 
4564.90 
Population 
without access 
to electricity (million) 
579.10 
104.40 
98.00 
76.10 
65.00 
61.30 
47.50 
45.30 
30.20 
27.70 
25.40 
22.50 
21.80 
19.50 
19.00 
17.80 
17.60 
16.40 
1634.20 
% of total 
world population 
without 
access to electricity 
35.44 
6.39 
6.00 
4.66 
3.98 
3.75 
2.91 
2.77 
1.85 
1.69 
1.55 
1.38 
1.33 
1.19 
1.16 
1.09 
1.08 
1.00 
100.00 
Source: lEA, 2004a 
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Table 1.2: Rural households having access to electricity in India as per 2001 census 
Name of state 
AJnion 
Territories 
Andhra Pradesh 
Arunachal Pradesh 
Assam 
Bihar 
Jharkand 
Goa 
Gujarat 
Haryana 
Himachai Pradesh 
Jainmu & Kashmir 
Kamataka 
Kerala 
Madhya Pradesh 
Chhattisgarfa 
Maharashtra 
Manipur 
Meghalaya 
Mizoram 
Nagaiand 
Orissa 
Punjab 
Rajasthan 
Sikkim 
TamilNadu 
Tripura 
Uttar Pradesh 
Uttaranchal 
West Bengal 
And. & Nicobar 
Islands 
Chandigarh 
Dadar & Nagar 
Haveli 
Delhi 
Daman & Diu 
Lakshadweep 
Pondicherry 
ALL INDIA 
Total No. 
of rural 
households 
12,676,218 
164,501 
4,220,173 
12,660,007 
3,802,412 
140,755 
5,885,961 
2,454,463 
1,097,520 
1,161,357 
6,675,173 
4,942,550 
8,124,795 
3,395,078 
10,993,623 
296,354 
392,678 
79,362 
265,334 
6,782,879 
2,775,462 
7,156,703 
91,723 
8,274,790 
539,680 
20,590,074 
1,196,157 
11,161,870 
49,653 
21,302 
32,783 
169,528 
22,091 
5,351 
72,199 
138,271,559 
Household 
having access 
to electricity 
7,561,733 
73,250 
697,842 
649,503 
379,987 
130,105 
4,244,758 
1,926,814 
1,036,969 
863,341 
4,816,913 
3,238,899 
5,063,424 
1,548,926 
7,164,057 
155,679 
99,762 
35,028 
150,929 
1,312,744 
2,482,925 
3,150,556 
68,808 
5,890,371 
171,357 
4,084,288 
602,255 
2,262,517 
33,807 
20,750 
27,088 
144,948 
21,529 
5,337 
58,486 
60,180,685 
%Household 
having 
access 
to electricity 
59.65 
44.53 
16.54 
5.13 
9.99 
92.43 
72.12 
78.50 
94.48 
74.77 
72.16 
65.53 
62.32 
46.11 
65.17 
52.53 
30.26 
44.14 
56.88 
19.35 
89.46 
44.02 
75.02 
71.18 
31.75 
19.84 
50.35 
20.27 
68.09 
97.41 
82.63 
85.50 
97.46 
99.74 
81.01 
43.52 
Households 
not 
having access 
to electricity 
5,114,485 
91,251 
3,522,331 
12,010,504 
3,422,425 
10,650 
1,641,203 
527,649 
60,551 
293,016 
1,858,260 
1,703,651 
3,061,371 
1,810,152 
3,829,566 
140,675 
229,916 
44,334 
114,405 
5,470,135 
292,537 
4,006,147 
22,915 
2,384,419 
368,323 
16,505,786 
593,902 
8,899,353 
15,846 
552 
5,695 
24,580 
562 
14 
13,713 
78,090,874 
% of total 
un-electrified 
households 
in India 
6.55 
0.12 
4.51 
15.38 
4.38 
0.01 
2.10 
0.68 
0.08 
0.38 
2.38 
2.18 
3.92 
2.32 
4.90 
0.18 
0.29 
0.06 
0.15 
7.00 
0.37 
5.13 
0.03 
3.05 
0.47 
21.14 
0,76 
11.40 
0.02 
0.00 
0.01 
0.03 
0.00 
0.00 
0.02 
100.00 
Source: MOP, 2003 
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Table 1.3 
Name of State 
/UT 
Andhra Pradesh 
Axunachal Pradesh 
Assam 
Bihar 
Jharicand 
Goa 
Gujarat 
Haryana 
Himachal Pradesh 
Jammu& Kashmir 
Kamataka 
Kerala 
Madhya Pradesh 
Chhattisgarh 
Maharashtra 
Manipur 
Meghalaya 
Mizoram 
Nagaland 
Orissa 
Punjab 
Rajasthan 
Sikkim 
TamilNadu 
Tripura 
Uttar Pradesh 
Uttaranchal 
West Bengal 
Total States 
Total UTs 
All India 
: Status of village electrification in India as on 31 March 2007 
No. of inhabited villages 
a per 1991 census 
26,586 
3,649 
24,685 
38,475 
29,336 
360 
18,028 
6,759 
16,997 
6,477 
27,066 
1384 
51,806 
19,720 
40,412 
2,182 
5,484 
698 
1,216 
46,989 
12,428 
37,889 
447 
15,822 
855 
97,122 
15,681 
37,910 
586,463 
1,093 
587,556 
Total No. 
of electrified 
villages 
26,565 
2,335 
19,081 
19,251 
7,641 
360 
17,940 
6,759 
16,891 
6,301 
26,771 
1384 
50,474 
18,532 
40,351 
2043 
3,016 
691 
1,216 
37,663 
12,428 
37,276 
405 
15,822 
818 
57,042 
13,131 
31,705 
473,892 
1,090 
474,982 
Un-electrified 
villages 
21 
1,314 
5,604 
19,224 
21,695 
-
88 
-
106 
176 
295 
-
1332 
1188 
61 
139 
2,468 
7 
-
9,326 
-
613 
42 
-
37 
40,080 
2,550 
6205 
112,571 
3 
112,574* 
%of 
electrified 
villages 
99.92 
63.99 
77.30 
50.03 
26.04 
100.00 
99.51 
100.00 
99.38 
97.28 
98.91 
100.00 
97.43 
93.97 
99.85 
93.63 
55.00 
99.00 
100.00 
80.15 
100.00 
98.38 
90.60 
100.00 
95.67 
58.73 
83.73 
83.63 
80.80 
99.73 
80.84" 
Source: MOP, 2008 
*As per the new definition of village electrification (effective from 2006-07) total 
number of un-electrified village is estimated to be around 125,000. 
# All households in a village are necessarily not required to have access to electricity for 
considering the village to be electrified. Moreover, the actual number of house holds 
having access to electricity may vary from one electrified village to another. 
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Table 2.1: Chronological history of initiatives and activities undertaken in India 
for promotion of decentralized electricity generation systems 
Technology Activities and initiatives undertaken/attempted in India 
Policy 
initiatives for 
promotion of 
renewable 
energy based 
decentralized 
power 
generation 
The commission for Additional Source of Energy (CASE) was set up in the 
Departure of science and technology. Government of India (GOl) in March, 
1981 for formulating policies and programmes for development of new and 
renewable energy sources. 
The Department of Non-Conventional Energy Source (DNES) was 
established in September, 1982 in the Ministry of Energy for Dealing with 
CASE and programmes related to biogas plants. 
As a part of Integrated Energy Projects for meeting a part of the total energy 
requirement of villages, the first project of its kind was taken up in India at 
Salojipally, an un-electrified village in Medak district of the state of Andhra 
Pradesh in 1982-83 by the DNES. In this village a 22 kW dish-steam engine 
solar thermal power plant, a 7 kWp PV power plant and a 4.5 kW capacity 
biogas based water pumping systems were installed. 
A programme on Rural Renewable Energy systems for meeting energy 
requirement of un-electrified villages through decentralized integrated 
energy projects was initiated in 1985-86 by the DNES. As a part of this 
programme in the first phase detailed energy survey on energy consumption 
pattern, energy needs and local energy resources was planned to be 
undertaken. Based on energy needs and resource availability in the second 
phase renewable energy based technologies for meeting cooking, water 
pumping for irrigation and drinking water supply, street and domestic 
lighting and providing power for operation of TV were installed. The 
electricity generators for battery charging and biomass gasifier based engine-
generator sets. This programme was renamed as "Urjagram" from 1986-87. 
Uijagram programme was implemented till 31.3.1994. 
An independent Ministry of Non-Conventional Energy Sources (MNES) was 
setup in 1992. The MNES is the nodal ministry of GOI for all matters 
relating to new and renewable energy sources. 
A programme for electrification of about 24,500 remote villages based on 
decentralized renewable energy technologies such as micro hydro, PV 
systems, biomass gasifier based power projects, small wind electricity 
generators and hybrid systems was launched in 2001-02. 
Micro hydro 
power(MH) 
projects 
The earliest two MHP projects implemented in the country were of 40 kW 
capacity and 50 kW capacity respectively at Chamba in 1902 and at Jubbal in 
1911. With the development of high voltage transmission lines the focus in 
hydro power development shifted from micro/small hydro to large hydro 
projects. 
An alternate Hydro Energy Centre (AHEC) was setup by the Department of 
Non-Conventional Energy sources (DNES), Government of India at 
University of Roorkee for the development of small hydro energy systems in 
1982. This cenfre installed a new 100 kW MHP unit based on new design at 
Jabbal in Himachal Pradesh in 1985-86. The use of cenfrifiigal pump in 
reverse direction as turbine, governor less elecfronic confroller, use of 
induction generators and development of micro processor controller were the 
confributions of AHEC in the early 1980s. 
A programme for installation of MHP projects in remote and hilly areas of 
the country with 50% cost sharing by the DNES in partnership with the 
electricity boards (SEBs) was initiated in 1991-92. 3 projects, each of 50 kW 
capacity were setup in the state of Uttar Pradesh in 1992-92. 
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Photovoltaic 
(PV) power 
projects 
As a part of integrated energy projects, a 7 kWp system was installed by the 
DNES at Salojipally during 1982-83. PV powered lighting units and TV sets 
were installed in some villages in other states of such as Delhi (Masudpur 
village), Jammu & Kashmir, Rajasthan (Sam and Dangiawas villages in 
Jaisalmer and Jodhpur districts respectively), Tripura, Uttar Pradesh and west 
Bengal (Bardapur village in Sundarbans) during 1983-84. 
A programme for installation of PV street lights in villages was launched in 
1984-85 which was implemented in association with Rural Electrification 
Corporation(REG) 
A programme for installation of relatively large capacity village level PV 
power plants was initiated by the DNES in 1986-87 for providing electricity 
mostly in remote and inaccessible areas in a decentralized manner. 
With a view to provide lighting to individual homes, a programme for 
demonstration of solar lanterns was introduced in 1992-93 by the MNES. 
Under a new initiative undertaken by the MNES during 1997-98 for 
providing electricity in remote and inaccessible areas, 3 PV power plants of 
25 kWp capacity each and a PV power plant of 38.7 kWp capacity were 
taken up for installation respectively in Sagar island of Sunderbans region in 
the state of West Bengal and at Nayoma in Laddakh in the state of Jammu & 
Kashmir. 
Solar thermal 
power projects 
Efforts were made to develop and set up solar thermal power plants at Indian 
Institute of Technology Madras (10 kW capacity) and Birla Vishvakama 
Mahavidhyala, Kaira in Gujarat with an objective to develop an appropriate 
technology for providing electricity in remote villages. 
A 50 kW capacity demonstration solar thermal power plant based on line 
focusing parabolic trough technology was installed and commissioned in 
1989 in solar energy centre of the DNES at Gwal Pahari in Gurgaon district 
of the state of Haryana. 
Biomass 
gasifier based 
engine-
generator set 
Efforts for development and demonstration of biomass gasifier based power 
generating units using existing diesel engine (in dual fiiel mode) and petrol 
engine were supported by the DNES at IIT Delhi and Jyoti Solar Energy 
Institute, Vallabh Vidyanagar in the state of Gujarat in 1985-86 by the 
DNES. As a part of the demonstration programme of the DNES two units of 
lOkw capacity were installed in the villages of Gujarat in the same year. 
A collaborative research project was imdertaken two 20 kW capacity 
gasifier systems obtained from France at IIT, Bombay and Punjab 
Agriculture University, Ludhiana for evaluating performance of the systems 
with different kinds of biomass feed-stocks at different loads. 
A demonstration programme for installation of biomass gasifier based power 
projects in the capacity range of 20-100 kW was taken up by the DNES in 
1986-87. 
Initiatives were undertaken by the MNES from 2002-03 onwards in 
association with the manufacturers of biomass gasifiers and engines to 
develop 100% producer gas-engine sets for power generation in view of 
increasing price of diesel. 
Small wind 
electricity 
generators 
A programme for development and field trials of horizontal and vertical axis 
small wind electricity generators of 1-3 kW capacity was implemented 
during 1985-86. 
120 numbers of imported small wind electricity generators (for battery 
charging) in the capacity range of 50 W to 5 kW for demonstration and field 
trials mstalled by the DNES during the period 1985-86 to 1991-92. 
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• Small wind electricity generators for battery charging and stand alone wind 
generators were installed at different locations including remote and 
inaccessible areas not having access to grid supplied electricity by the DNES 
and the state governments which included three systems of 8-10 kW capacity 
system in Delhi during 1985-87, 3 stand-alone systems of 10 and 25 kW 
capacity in remote and inaccessible areas in the state of Jammu & Kashmir 
(3x10 kW), Himachal Pradesh (2x25 kW) Uttar Pradesh (2x25 kW), 
Rajasthan (1x25 kW), Lakshadweep (2x10 kW) and West Bengal (2x10 kW) 
during 1987-91. 
• A new demonstration programme for indigenously manufactured/assembled 
installation of small wind electricity generators for battery charging was 
introduced during 1993-94 by the MNES. This progamme also covers 
installation of wind-PV hybrid system for decentralized power generation. 
Bio-oils 
power 
generation 
for A demonstration project for providing electricity to one village each in 
Jharkhand, Kamataka, Madhya Pradesh and Uttar Pradesh for lighting, 
agricultural operations an other community applications by using non-edible 
bio-oils in the existing DG sets is being implemented by the MNES during 
2004-06 
Biogas 
power 
generation 
for Demonstration projects for decentralized electricity generation were taken up 
with the support of the Ministry during the 1980s. 
A programme for use of biogas for power generation in villages was 
launched by the MNES during 2004-005 
Source: DNES 1983,1984,1986,1987,1988,1990,1991,1992; MNES, 1993,1998, 
2002,2003,2004,2005,2006. 
3.1 Add/Remove Equipment to consider 
One of the inputs required to simulate the wind energy system data is Add/Remove 
equipment, first window to be used for simulation, shown in Figure 3.1. The load on a 
power system is required to serve as per the machinery/component required to consider 
in the power system, and whether the system is connected to the utility grid. The loads 
and components line diagram will appear. Loads are demand requirements that the 
power system must supply. 
Electric loads can be primary, meaning they must be served on demand, or deferrable, 
meaning there is some flexibility in when they can be served. More components may be 
added if required by the power system. 
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Figure 3.1: Add/remove equipment/component to consider 
3.2 Primary Load Inputs 
In order to avoid unmet load, primary load must be met immediately. One or more 
separate primary loads can be added to the system by the Add/Remove method as 
shown in Figure 3.2. The power-producing components of the system are utilized to 
serve the total primary load for each hour of a year. For each system, the total unmet 
load and unmet load fraction are calculated that occurs over the year. 
The average electric demand, expressed in kW, is represented by the baseline data 
having set of 8,760 values in a year as shown in Figure 3.2. A minimum of one load 
profile is required to enter to synthesize data. The load profile is a set of 24 hourly 
values of electric load, one for each hour of the day. Various load profiles can be used 
for different months and for weekdays and weekends too. For simplicity or else-reason 
only one load profile may be used representing a complete one year load profile. 
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Figure 3.2: Primary load inputs 
The scaled data is created by multiplying each of the 8,760 baseline values by a 
common factor that makes an annual average value equal to the value that specified in 
scaled annual average. To calculate the value of this factor, the scaled annual average is 
divided by the baseline aimual average. The default value for the scaled armual average 
is taken as the baseline annual average, the scaled data and baseline are identical. The 
average load is reported in kWh/day but the peak load is reported in kW. Scaled annual 
average is used for the reasons of different from the baseline armual average are for unit 
conversion (e.g. to convert from W to kW) and to perform a sensitivity analysis on the 
size of the primary load multiple values. 
Wherever it is needed to select a type of battery, fuel, or wind turbine, the component 
library is used to generate a list of available types indicated in Figure 3.2. Items from 
the component library can be added or removed. Cost of components not available in 
the component library as, it is a variable in time and dependent on factors such as 
location and currency. 
3.3 Wind Turbine Inputs 
The type of wind turbine to be modeled is chosen, its costs are to be specified, and so 
that number of searches may be done for the optimal system as shown in Figure 3.3. An 
appropriate wind turbine is chosen to model from the component library. A summary of 
the selected wind turbine's properties are displayed in the space provided. The most 
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important property is the power curve of wind turbine, which shows the power output 
over a range of wind speeds. The correctness of selected wind turbine of appropriate 
size for required system is verified by this graph. Each wind turbine cost the same 
regardless of how many are purchased; it is only needed to enter one row of data in the 
cost table. Capital, replacement, and operating and maintenance costs are entered for 
only turbine. The simulation extrapolates these costs as needed, so if it is modeled a 
system with five wind turbines, the associated capital, replacement, and O&M costs 
would be five times the values entered in the cost table. 
The capital cost is the initial purchase price, the replacement cost is the cost of 
replacing the wind turbine at the end of its lifetime (applicable only if the project 
lifetime exceeds the wind turbine lifetime), and the O&M cost is the annual cost of 
operating and maintaining the turbine (typically about 2% of the capital cost). For the 
optimal system, the number required of wind turbines to be considered for simulation is 
searched. If it is required to consider systems without wind turbines, a zero is to be 
included. Other detail of wind turbine like hub height is considered, typically in the 
range between 25m (for smaller wind turbines, 50 kW or less) and 100m (for large, 
multi-megawatt wind turbines). The wind turbine hub height is the height above ground 
at which the rotor sits. Wind speeds increases with height above ground, so if the hub 
turbine is not the same as the anemometer height, the wind speed data is required to 
adjust accordingly. 
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Figure 3.3: Wind turbine input 
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This information of hub height is used to calculate the wind speed at the hub height of 
the wind turbine. There are so many obstacles at ground-level such as vegetation, 
buildings, and topographic features tend to slow the wind near the surface. The effect of 
these obstacles decreases wdth the increase of height above grovind, wind speeds tend to 
increase with height above groimd. This variation of wind speed with height is called 
wind shear. Two wind shear models are used for making mathematical models, the 
logarithmic profile and the power law profile. The detail is related to Figure 3.4. 
The logarithmic profile (or log law) assumes that the wind speed is proportional to the 
logarithm of the height above ground. The following equation (3.1), therefore gives the 
ratio of the wind speed at hub height to the wind speed at anemometer height given by 
equation (3.1): 
v(Zhub) _ ln(Zhub/ Zo) . - > 
vi^Zanem) ln(Zanem I Zo) 
Where Zhub= the hub height of the wind turbine (m) 
-^ anem= the anemometer height (m) 
Zo= the surface roughness length (m) 
v(Zhub) = wind speed at the hub height of the wind turbine (m/s) 
v(Zanem) = wiud Speed at anemometer height (m/s) 
ln(..)= the natural logarithm 
The siuface roughness length is a parameter that characterizes the roughness of the 
surrounding terrain. Table 3.1 is a representative of surface roughness length (Manwell 
et al. 2002). 
Table 3.1: Surface roughness length of terrain 
Terrain Description 
Very smooth, ice or mud 
Calm open sea 
Blown sea 
Snow surface 
Lawn grass 
Rough pasture 
Fallow field 
Crops 
ew trees 
Many trees, few buildings 
Forest and woodlands 
Suburbs 
City center, tall buildings 
Zo 
0.00001 m 
0.0002 m 
0.0005 m 
0.003 m 
0.008 m 
0.010 m 
0.03 m 
0.05 m 
0.10 m 
0.25 m 
0.5 m 
1.5 m 
3.0 m 
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The power law profile assumes that the ratio of wind speeds at different heights is 
given by the following equation (3.2): 
' Zhub > v{Zhub) (3.2) 
\ juanem J 
Where a = the power law exponent 
The power law exponent is a dimensionless parameter; its value is equal to 1/7 for 
turbulent flow over a flat plate. The power law exponent depends on temperature, 
season, terrain roughness, and several other factors. 
Advanced parameters are entered as wind resource input as indicated in Figure 3.4; the 
detail of which are shovm in Table 3.2. 
Table 3.2: Advanced parameters description 
Variable 
Weibull k 
Autocorrelation factor 
Diurnal pattern strength 
Hour of peak wind speed 
Description 
A measure of the long-term distribution of wind speeds 
A measure of the hour-to-hour randomness of the wind speed 
A measure of how strongly the wind speed depends on day time 
The time of day that tends to be windiest on average 
Advance parameters are elaborated in the following paragraphs. 
The Weibull k value is a representative of the breadth of the distribution of wind 
speeds known as Weibull distribution. Lower k values correspond to broad distributions 
of wind speed, which tend to vary over a large range of speeds. Higher k values 
correspond to narrower wind speed distributions, with wind speeds tend to stay within a 
narrow range. A typical range of k is from 1.5 to 2.5. There is some correlation between 
the Weibull k value and the average wind speed. In general, lower average wind speeds 
correspond to lower Weibull k values, and vice versa. 
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Figure 3.4: Wind resource inputs 
The value r^  is the autocorrelation between any two time series values separated by a 
'lag' of k time units. A typical range of r^  is from 0.80 to 0.95. For a particular time 
series, rkcan be measured for several values of k. The resulting function is known as the 
autocorrelation function. 
3.4 Economic Inputs 
Annual real interest rate, project lifetime, system fixed capital cost. System fixed O&M 
cost, and capacity shortage penalty are as shown in Figure 3.5. Capacity shortage 
penalty is penalty applied to the system for any capacity shortage; its value is taken as 
0. Interest rate is taken as 5% and project lifetime 20 years. Other economics inputs are 
explained as under. 
The project lifetime Rproj is used to calculate the annualized replacement cost and 
annualized capital cost of each component, as well as the total NPC of the system. The 
system fixed capital cost Ccap.fixed is the capital cost that occurs at the start of the project 
irrespective of the size or architecture of the power system. It is used to evaluate the 
other armualized capital cost, so it affects the total NPC of each system, but it affects 
them all by the same amount. It therefore has no effect on the system rankings. Hence, 
its value is taken as 0. 
The system fixed O&M cost Com.fixed is the recurring annual cost that occurs 
irrespective of the size or architecture of the power system. It is used to calculate the 
other annualized capital cost, so it affects the total NPC of each system. But it affects 
them all by the same amount, so it has no effect on the system rankings; therefore it is 
taken as 0. 
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The capacity shortage penaUy is a cost penalty that is apphed to the system for any 
capacity shortage that occurs during the year. This value is also taken as 0 to calculate 
the other O&M cost. 
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Figure 3.5: Economics Inputs (wind) 
3.5 System Control Inputs 
A dispatch strategy is a set or rules that control the operation of the generator(s) and the 
battery bank as shown in Figure 3.6. Two dispatch strategies, Cycle charging and load 
following are two dispatch strategies, depend on many factors, including the sizes of the 
generators and battery bank, the price of fiiel, the 0«&M cost of the generators, the share 
of renewable power in the system, and the character of the renewable resources. If both 
the strategies are chosen to model, each simulated system will be optimal. 
Whenever a generator is required, it generates only sufficient power to meet the 
demand under the load following strategy. Strategy of load following controls the input 
tends to be optimal in systems with a lot of renewable power, when the renewable 
power output sometimes exceeds the load. Under the cycle charging strategy, generator 
operates at full capacity with surplus power going to charge the battery bank. Cycle 
charging tends to be optimal in systems with little or no renewable power. A setpoint 
state of charge can be applied to the cycle charging strategy. When a setpoint SoC is 
applied, the generator(s) will not stop charging the battery bank until it reaches the 
specified state of charge(http://www.solamavigator.net/battery_charging.htm,http:// 
ww.mpoweruk.com/soc.htm). Practical values of simulation time step 60% and set 
point SoC of 80% are selected for the simulation purpose (Sauradip et al., 2001, Zhou et 
al., 2008). 
© Anis Afeal 178 
Appendix 2010 
File EdK l-««.lt> 
^ ^ 
Tl - * * «v*te'vi cor.t«ol iripw^t* cl«-firie- hovy H O M E R nrtodiH* l h « op9r«tior-> o« (He bat tery b^rrfr^ And 
O*r>«rator». T h « idi«|:»4toH et(At«^av de*etrrtir»«« h o w t h « «v«t«-rn c H « r 0 e « the t>aUety bAr*V.. 
'lokJ th e pointer ove f e n eleroerit nerr 
S irr«Ljl«t>on 
Sirm^etio«^ tirne « tep (mmmut**) 
Of c l tc^ H e l p for move informeCtort. 
DwpaftoH a-treteov ~ 
I LoecJ follo«Afino 
|5? C y c l e c.hAro«-»<3 
r^ A.pply «etpoir»t * tAte of c h * f o e (Sf| | 
_ t j j 
C e o e r e t o r corrfrol . _ __ 
f ^ AJlow sy«tern« t^ ^^ tH mt.«lt4=>le 0er»e(-ator« 
r i * A l low rr^i.Aiple aer>or<itor« to o p e r a t e •itrn.AaneotjAty 
1 ^ A l low •y»terri« 'y /^tth genera tor capa<city l e * * thar i peek, loecf 
OtHmt • • U i n g * 
I A l low 9ymt.^mit v-/itPi ILVO typne« of /^sfinci t",jfl 
I ANow e>coe«* e ledr to i ty to « e f v e »l-»errr»el^ 
I Lirort e x o e « « tHerrnel otjtptJt f5£ of loe<J| | 1 U i ? | 
JL 
Figure 3.6: System control inputs (wind) 
3.6 Emissions Inputs 
The emissions inputs are used to specify a cost penalty associated with a pollutant, or a 
limit on the emissions of a pollutant as shown in Figure 3.7. A non-zero cost penalty is 
specified for a particular pollutant; the corresponding cost will be added to the total 
annual cost of the power system. Here the cost penalty is specified as zero. 
r=i ie E d i t t-*«fric> 
js.^.rCil^^ O o e k e r ^ e t ^ l t i r ^ g f r o m ^ n r t i e e i o r i e |=>err-«-^lkiie« ^p>r>^4»r .^m *0»l^<^r O ScKi ac^mt'. 
^l-lolcJ tl-^«» F>otr^te<r os/^^r .ear*! ^l^»m^H-at ^ r o l i ^ l * . H ^ l ^ fa^r n-sor«B irW^»tfTr>^ti^r'». 
C:Ark>or-i d«c»<i<J« C ^ ^ t l 1 S <--> | 
OjMrt>or-t nraor-icpxicJA (^ . / ' t ) f O <. .> 1 
l-Jr->t>«.Mr-*ocl H«vcir<oo4»rbor- i* C » ^ t ] | O <- .> | 
F^Arti<:=«^l4»te m ^ a t t e r C^'^tl [ O < . .> | 
S u l f L j r cJio»«i<:««» C « / t ) | O ^ C-.> 1 
r M i t r o o M r k o x t d ^ e C*-^t I f Ct { . . > | 
1 C ^ r b o r - * d i o x i d e t^^-O/vr l | *3 <. , > | 
1 0.afb«i>r-» rra*:>r~iOMiicJ<e (l<^0>^>^r} 1 '-' 
1 U r-»t=»».jrr-ie'cJ H(^<:lr<:>c;4»rt><^r-*e i^a^'i^'i | ' ' 
1 F * . » r t i d j l ^ t « m.akkt<er ( l < . a / v ' l 1 ' ' 
1 S u l f u r cJiOMicite ll«:.aX>»rJ f » < 
1 M i t r t ^ o ^ r - i o M i n ^ ^ e Cft^-0-^vr] I ' ' 
t-t»tf» 1 C A r - k c * l 1 1 O I C 1 
Figure 3.7: Emissions inputs (wind) 
3.7 Constraints Inputs 
Constraints are conditions which a power system must satisfy are shown in Figure 3.8. 
Any system which does not satisfy the specified constraints is discarded, hence it does 
not included in optimization or sensitivity results Table 3.3 indicates the different 
values used as constraints inputs. 
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Operating reserve is surplus operating capacity that ensures reliability of eleciricity 
supply to the load even if the load suddenly jumps or renewable power output suddenly 
drops. The required amount of operating reserve is defined using four inputs, two 
depends on the change of the load and other two depends on change of renewable 
power. The total required operating reserve is the addition of the four values resulting 
from these four inputs. In the simulation, the power system is operated so as to keep the 
operating reserve equal to or greater than the required operating reserve. Any shortfall 
is recorded as a capacity shortage. 
Table 3.3: Constraints value 
Variable 
As a percent of hourly 
load 
As a percent of annual 
peak load 
As a percent of wind 
power output 
Maximum annual capacity 
shortage and minimum 
renewable fraction 
Description 
This percentage of the hourly average primary load (ac and dc separately) 
is added to the required operating reserve for each hour. A value of 10% 
is taken which means that the system must keep enough spare capacity 
operating to serve a sudden 10% increase in the load. 
This percentage of the peak primary load (ac and dc separately) is added 
to the required operating reserve for each hour. It therefore defines a 
constant amount of operating reserve. For example, if the peak ac primary 
load is 40 kW and at least 8 kW of operating reserve on the ac bus is 
ensured at all times (maybe to cover an 8 kW motor starting load), set this 
input to 20%. In the present case the value is taken as 0. 
This percentage of the wind turbine power output is added to the required 
operating reserve for each hour. A value of 60% is taken which means 
that the system must keep enough spare capacity operating to serve the 
load even if the wind turbine output suddenly decreases 60%. The more 
the output of the wind turbine, the higher the set input should be. In the 
present case the value is taken as 5%. 
Both maximum annual capacity shortage and minimum renewable 
fraction are taken as 90%. The descriptions of both the terms are already 
elaborated in sections 3.3.2. 
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Figure 3.8: Constraints inputs (wind) 
4.1 PV Inputs 
The inputs used for PV simulation are PV size in kW, capital and replacement cost, 
O&M cost in $/yr, cost curve, and tracking system used, shown in Figure 4.1. Output 
current, lifetime, derating factor, slope, azimuth, and ground reflectance are other 
factors required as inputs. A typical PV cost may be assumed to be linear with size. The 
capital cost of PV panels is specified at $ 2000/kW and the replacement cost is specified 
at $ 1,800/kW. The O&M cost is specified as $ 10 /kW/yr. The capital and replacement 
costs are accounted for all costs associated with the PV subsystem. This includes 
include PV panels, mounting hardware, tracking system, control system, wiring, and 
installation as shown in Figure 4.1. 
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Figure 4.1: PV inputs 
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Different PV array sizes are considered to search the optimal system. If zero size is 
included then search of optimal system without PV may also be considered. Cost curve 
graph may also be used to represent the results. The power output from the PV array 
directly depends upon the solar radiation incident on the PV array, and independent of 
the dc bus voltage. The effect of ambient temperature on the performance of the PV 
array is not considered in this analysis. 
4.2 Battery Inputs 
Selection of battery is made on the basis of its type, costs, and number suitable for the 
optimal system design analysis. A number of batteries specifications are available in the 
component library for the purpose of choosing suitable battery model from this list. One 
number of the battery is considered, along with its capital cost, replacement, and O&M 
costs as illustrated in Figure 4.2. Capital and replacement cost versus quantity curves 
are also displayed. Another battery selection may also be created, if needed. A zero size 
may also be included to simulate a system without any battery. 
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Figure 4.2: Battery inputs 
4.3 Converter Inputs 
A converter is needed where both ac and dc quantities are present in a system. The 
capital and replacement cost curves of the converter are shown Figure 4.3. The cost and 
sizes are chosen properly for the optimal system. The capital and replacement cost of a 
1 kW converter is taken as $ 100/kW and $ 75/kW respectively, which includes all 
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costs involved with the converter, including installation. Several converter sizes are 
used to consider for the optimal system. A zero size may also be included to simulate a 
system without any converter. A converter has two functions that of an inverter and 
rectifier. The inverter converts dc electricity to ac, while rectifier changes dc into ac. 
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Figure 4.3: Converter Inputs 
4.4 Solar Resource Inputs 
The power output of the PV array depends on the radiation reaching earth ad striking 
the PV surface of the array. In each time step, the global solar radiation incident on the 
surface of the PV array must be calculated. Two parameters of PV are used, a slope and 
an azimuth. The slope is the angle formed between the surface of the panel and the 
horizontal, so a slope of zero indicates a horizontal orientation, whereas a 90° slope 
indicates a vertical orientation. The azimuth is the direction towards which the surface 
faces. The zero azimuth corresponds to due south, and positive values refer to west-
facing orientations. So an azimuth of-45° corresponds to a southeast-facing orientation, 
and an azimuth of 90° corresponds to a west-facing orientation. The time of year affects 
the solar declination, which is the latitude at which the sun's rays are perpendicular to 
the earth's surface at solar noon. 
The output of the PV array each hour of the year is calculated by specifying the 
latitude and the amount of solar radiation available to the PV array in the location. 
Clearness indices are also used for calculating radiation as shown in Figure 4.4. 
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The baseline data is the set of 8,760 values representing the average global solar 
radiation in kWh/m^ on the horizontal surface for each of 24 hours of 365 days of a year 
that has realistic day-to-day and hour-to-hour variability. The monthly average radiation 
and clearness index of the baseline data is displayed as tabular form and graph. Twelve 
average monthly values of either solar radiation or clearness index are used to 
synthesize. 
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Figure 4.4: Solar resource inputs 
4.5 Economic Inputs 
The detail of economic inputs, as shown in Figure 4.5, is already discussed in Section 
3.4 of Chapter 3. 
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Figure 4.5: Economic inputs (PV) 
4.6 System Control Inputs 
Similarly the detail of economic inputs, as indicated in Figure 4.6, is already discussed 
in Section 3.4 of Chapter 3. 
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Figure 4.6: System control inputs (PV) 
4.7 Constraints Inputs 
The detail of economic inputs Figure 4.7 is already discussed in Section 3.4 of Chapter 
3. 
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Figure 4.7: Constraints Inputs (PV) 
5.1 Biomass Generator Inputs 
Financial inputs required for cost analysis of biomass energy system data to achieve the 
results are shown in Figure 5.1. The capital required to purchase a biomass energy 
system is $ 700,000, the replacement cost is taken as half of the capital 
(http://www.nrel/ gov/homer). 
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Figure 5.1: Biomass generator cost input 
Biomass generator fuel input is selected in a separate window as shown in Figure 5.2. 
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Figure 5.2: Biomass generator fuel inputs 
By default, the each hour is decided by the software whether or not to operate the 
generator based on the electrical demand and the economics of the generator versus 
other power sources. However, the generator schedule inputs are used to prevent the 
software from using the generator during certain times, or force it to use the generator 
during certain times. 
The schedule diagram on the right side of the window shows the times of the day and 
year during which the generator must operate and must not operate, and when the 
software can decide based on economics. In the example below, the generator must 
© Anis Afeal 186 
Appendix 2010 
operate between Sam and 8pm every day. At all other times, the software can decide 
whether to run the generator based on economics, as shown in Figure 5.3. 
Biomass resource availability inputs are given to the window shown in Figure 5.4. 
Different values of biomass resource availability are assumed as sensitivity variables. 
Various emission factors (http://www.nrel/gov/homer) are used which helps calculate 
emission from RE generation as shown in Figure 5.5. The detail of calculated emission 
is shown in Figure 5.6. 
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Figure 5.3: Biomass generator schedule inputs 
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Figure 5.4: Biomass resource availability inputs 
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Figure 5.5: Biomass generator emissions inputs 
5.2 Emission Inputs 
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Figure 5.6: Emissions inputs (PV) 
5.3 Economics Inputs 
Annual real interest rate is taken for the repayment of debt. The project Hfe time is 
entered as 20 years as shown in Figure 5.7. 
© Anis Afzal 188 
Appendix 2010 
E c o n o m i c I n p u t s 
Pl\f! E d . t M . 1(1. 
^ . f f l " H O M E R at>f>tio* t h e e c o n o m i c i n p u t s t o e a c h s y s t e m it s i m u l a t e s t o 
5 V . J V ^ c a l c u l a t e t h e s y s t e m ' s n o t p r e s e n t c o s t . 
2 0 
H o l d t h e p o i n t e r o v e r art e l e m e n t n a m e o r c K c k . H e l p f o r m o r e i n f o r m a t i o n . 
A n n u a l r e a l i n t e r e s t r a t e (S£) | 5 i-} \ 
P r o j e c t l i fet ime [years ) 
S y s t e m f i xed c a p i t a l c o s t (S) 
S y s t e m f i xed O & M c o s t t * ' ' y r ) 
CapacUy s h o r t a g e p e n a l t y ($/k.V«/h) | 
H e l p Carted J . O K 
Figure 5.7: Biomass generator economic inputs 
5.4 System Control Inputs 
In system control input is taken as 60 minute-step for simulation in Figure 5.8. The 
dispatch strategy is considered as load following, whenever a generator is needed it 
produces only enough power to meet the demand. Load following tends to be optimal in 
systems with a lot of renewable power, when the renewable power output sometimes 
exceeds the load. 
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Figure 5.8: System control inputs (biomass) 
5.5 Constraint Input 
All the constraints namely maximum annual capacity shortage; minimum renewable 
fraction; operating reserve as percent of hourly load, percent annual peak load; and 
percent of renewable output as shown in Figure 5.9. 
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Figure 5.9: System constraints (biomass) 
Table 7.1: Daily average load profile (Source: TERI, India) 
Hour 
00:00-01:00 
01:00-02:00 
02:00-03:00 
03:00-04:00 
04:00-05:00 
05:00-06:00 
06:00-07:00 
07:00-08:00 
08:00-09:00 
09:00-10:00 
10:00-11:00 
11:00-12:00 
Load (kW) 
5.240 
5.240 
5.240 
5.240 
6.860 
8.370 
25.630 
53.060 
68.750 
76.370 
79.280 
82.780 
Hour 
12:00-13:00 
13:00-14:00 
14:00-15:00 
15:00-16:00 
16:00-17:00 
17:00-18:00 
18:00-19:00 
19:00-20:00 
20:00-21:00 
21:00-22:00 
22:00-23:00 
23:00-00:00 
Load (kW) 
83.610 
80.360 
78.040 
67.260 
42.120 
32.940 
28.710 
16.580 
12.450 
9.530 
8.510 
6.230 
Annual average: 
Annual peak: 148.9 
: 880 kWh/day 
kW, Load factor: 0.246 
Months 
Jan 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sep 
Oct 
Nov 
Dec 
Average 
Table 7.2: Weather data (Source: NASA, USA) 
Lakshadweep Islands 
Amini 
Solar 
Radiation 
kWh/mVd 
5.68 
6.51 
7.05 
7.12 
6.17 
4.63 
4.9 
5.55 
5.93 
5.49 
5.44 
5.43 
5^2 
Wind 
Speed 
m/s 
3.1 
3.1 
3.5 
3.7 
4.3 
7.8 
7.2 
6.8 
5.3 
3.6 
3.2 
3.7 
4.61 
Kavaratti 
Solar 
Radiation 
kWh/mVd 
5.72 
6.54 
7.03 
6.98 
6.01 
4.65 
4.9 
5.49 
5.91 
5.54 
5.44 
5.44 
5.80 
Wind 
Speed 
m/s 
3.2 
3 
3.2 
3.5 
4.2 
7.7 
6.8 
6.4 
5.2 
3.6 
3.2 
3.7 
4.47 
Minicoy 
Solar 
Radiation 
kWh/mVd 
5.8 
6.44 
6.9 
6.53 
5.65 
4.62 
4.99 
5.49 
5.95 
5.65 
5.31 
5.48 
5.73 
Wind 
Speed 
m/s 
3.8 
3 
2.9 
3.2 
4.6 
6.9 
5.7 
5.6 
4.9 
3.9 
3.2 
3.9 
4J 
Hathras 
Solar 
Radiation 
kWh/mVd 
3.77 
4.64 
5.49 
6.02 
6.26 
5.98 
4.97 
4.57 
4.83 
4.66 
4.05 
3.54 
4.90 
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Performance analysis of a rice husk power generating system: 
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One biomass energy source is rice husk, which is a very promising renewable energy source as it is an 
^ indigenous, cheap, and clean source gf energy. However, environmental and financial profiles of electricity 
generation from rice husk must be assessed to ensure reduction in greenhousegas (GHG) emission and 
positiw cash flow. GHG emission from a rice husk generating system is significantly less than that from 
fossil fuel power plants. A dual-fuel diesel engine-generator of 800 kW, using a rice husk gasifier, is 
considered for this analysis. This paper presents a comprehensive analysis of a traditional energy technol ogy 
in a neAi' perspective. The results of simulation data analysed in terms of pollution through QHG emissions, 
financial aspects, and suitability of the scheme for underdeveloped villages in economically developing 
nations are critical contributions of the paper. It also indicates the expected energy generation from the rice 
husk available in the region. 
Keywrords: dual-fuel generation; energy model; gasification; greenhouse gas emission; renewable energy, 
rice husk 
1. Introduction 
Biomass is one the most important energy sources among renewable energies (REs). It is third 
among the primary energy sources after coal and oil (Werther et al 2000). In India, rice is a major 
cereal, is nearly 40% of the total food grain cultivated, and is cropped in over 30% of its area. India's 
share of world rice production is nearly 21%. Rice husk and rice bran are byproducts when its 
edible form of paddy is processed. Rice bran is used for oil extraction and in feed foiinulations, 
whereas husk is generally used as fuel to generate heat for paraboiling of paddy and m other 
applications. The use of husk in industry involves difficult handling and bulky transportation 
because of its low density of 112-44 kg/m^ (Kandpal and Garg 2003). Onsite use of rice husk in 
industry may be achieved to avoid transportation and carriage as average husk production from 
rice mills is 187 kg/tonne paddy (Jain 2006, Ahiduzzaman 2007). Techniques of conversion of 
husk into electricity and heat energy at relatively higher efficiencies are available. 
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Abstract— Photovoltaic (PV) offers clean source for the 
generation of electricity, which is however costly today. The 
maximum power point tracking (MPPT) of the PV output for all 
sunshine conditions is a key to keep the output power per unit 
cost low for successful PV applications. This paper proposes a 
new method for the MPPT control of PV systems, wbkh uses one 
estimate process for every two perturb processes i» search for the 
maximum PV output In this estimate-perturb-perturb (EPP) 
method, the pertarb process condncts the search over th«j highly 
nonlinear PV characteristic, and the estimate process 
compensates the perturb process for irradiance-changing 
conditions. Tliie lEPP method significantly improves the tracking 
accuracy and speed of the MPPT control compared to available 
methods. The paper presents the details analysis of the EPP 
method. 
Ktytvords- EPP method; Fuzzy Logic; Incremental Conductance 
Algorithm; Perturb and observe (PAO) Algorithm. 
1. INTRODUCTION 
Photovoltaic (PV) offers a clean source of electricity, for 
which the input Aiel is sunshine, a vast renewable source of 
energy. Very often, the success of a PV application depends 
on whether the power electronics device can extract 
sufficiently high power from the PV arrays to keep overall 
output power per unit cost low. The maximum power point 
tracking of the PV output for all sunshine conditions, 
therefore, becomes a key control in the device operation for 
successful PV applications at commercial level [1]. The MPPT 
control is, in general, challenging, because the sunshine 
condition that determines the amount of sun energy into the 
PV array may change all the time, and the current voltage 
characteristic of PV arrays is highly nonlinear [2]. 
A PV system for the grid-coimected applications is typically 
composed of five main components: I) a PV array that 
converts solar energy to electric energy, 2) a dc-dc converter 
that converts low dc voltages produced by the PV arrays to a 
high dc voltage, 3) an inverter that converts the high dc 
voltage to a single or three-phase ac voltage, 4) a digital 
controller that controls the converter operation with maximum 
power extraction capability, and 5) an ac filter that absorbs 
voltage/current harmonics generated by the inverter. The mai 
technical requirements in developing a practical PV syster 
include a) an optimal control that can extract the maximur 
output power from the PV arrays under all operating an 
weather conditions, and b) a high performance-to-cost ratio t 
facilitate commercializadon of developed PV technologie; 
Since the PV array has highly nonlinear characteristic, and il 
performance changes with operating conditions, such a 
insolation or ambient temperature, it is technically challengin 
to develop a PV system that can meet these technics 
requirements. 
This paper proposes a new method for the MPPT control o 
PV systems. The method uses one estimate process for ever 
two perturbation processes in search of the maximum P^  
output power. In this estimate perturb-perturb method, th 
perturb process conducts the search over a highly nonlinea 
PV characteristic, and the estimate process compensates th 
perturb process for irradiance-changing conditions. This pape 
illustrates that EPP method can significantly improve th 
tracking accuracy and speed of the MPPT control. 
II. PERTURB-AND-OBSERVE (P&O) METHOD 
A number of MPPT algorithms have been proposed in th 
literature, such as open- and short-circuit method [3] 
incremental conductance algorithm (4]-[5]. Perturb an< 
observe method [6]-[9], frizzy logic based methods [10] 
[ll].The perturb-and-observe is the most commonly use( 
method. It is basically a "trial and error" method. The P\ 
controller increases the reference for the inverter output powe 
by a small amount, and then detects the actual output power. I 
the output power is increased, it will increase again until th 
output power starts to decrease, after that the controlle 
decreases the reference to avoid collapse of the P V output dui 
to the highly non-linear PV characteristic. 
Although the P&O algorithm is easy to implement, it has i 
number of shortcomings, such as 1) the PV system canno 
always operate at the maximum power point due to the slov 
trial and error process, and thus the solar energy from the P\ 
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" ^A hybrid power system may be used to reduce dependency on either conventional energy or renewable 
systems. This article deals widi the sizing, generator ruiming hours, sensitivity analysis, optimisation, and 
greenhouse gas emission analysis of hybrid renewable energy systems (HRES). Two locations have been 
..L e^cled vHtett the featibility of using different hybrid systems is studied for the same load demand. One 
site is the small remote community of Amini in the Lakshadweep Islands, located in southern India in the 
Arabian Sea, where solar and/or wind energy is always available throughout die year to provide energy 
security. Another place is the rural township of Hadiras, in the northern Indian state of Uttar Pradesh, where 
agricultural biomass is found in abundance for the whole year. A comparative study has been made for 
the two locations for the same load demand by simulating HRES. To achieve the goal of simulation, the 
hybrid optimisation model for electric renewables (HOMER) soflware of the National Renewable Energy 
Laboratory, USA, is used. An optimisation model of a hybrid renewable system has been prepared which 
sunplilies the task of evaluating the design of an off-grid/standalone system. After simulating ail possible 
system equipment with their $izes, a list of many possible configurations may be evaluated and sotted by 
net present cost to compare the design options. An elaborate sensitivity analysis has been used for each 
input variable; the whole optimisation process is repeated to get simulated system configurations 
Keywords: emission; energy security; hybrid energy; optimisation technique; renewable energy integra-
tion; sensitivity analysis 
1. Introduction 
Energy is the ultimate factor responsible for industrial, agricultural, and living-standard growth. 
Its consumption is a parameter for judging the living standard and prosperity of a community 
or coimtry, which depend upon different factors, namely, access to energy sources, prices, cli-
mate, mcome, and urbanisation level (Jiang and O'Neill 2004). The use of renewable energy (RE) 
technology has been rapidly increasing to meet growing energy demand. However, the main disad-
vantage associated with standalone RE systems (RES) is their inability to provide energy security 
and reliability due to their unpredictable, seasonal, and time-dependant natures. A standalone 
solar photovoltaic (SPV) system cannot provide reliable power during non-sunny days, whereas 
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Abstract —»n efficient dc/dc converter is needed as the interface bettveen a iow-voitage fuel cell source 
and a high-voitage bus for inverter operation. In tiiis paper, a three-phase transformer isolated dc/dc 
converter utHlziikg phiite-shlft modulation is proposed. The converter must be able to boost tlie voltage 
significantly and operate at current levels above 240 amps on the source side. Key features of the 
proposed converter include: reduced transformer turns-ratio by a factor of two while maintaining the 
same output voltage, reduced the size of passive components including output filter and input dc bus 
capacitor using three-phase interleaving, and achieved soft switching over a wide load range without 
auxiliary circuitry. The proposed converter has been analyzed, and simulated. An efficiency of above 
92% vras achieved using the prototype unit. 
Keywords- phase-shift, soft-switching, ZVS, ZCS, converter, dc/dc converter, multi-phase. 
I INTRODUCTION 
A fuel cell is an electrochemical energy conversion device that continuously convert!, chemical energy of a 
fuel directly into electrical energy. Continuous operation requires, supply of fuel and oxidant and removal ot 
water vapor, spent fuel, spent oxidant, inert residue and heat etc Jt is known as a cell because of some 
similarities with a primary cell Fuel cells are considered to be the future energy generation device due to their 
energy efficiency and environmental friendliness As per the specifications of 2003 International Future Eneroy 
Challenge, the nominal fuel cell dc output voltage is 22V and ac load is I20/240V at 5kW continuous and lOkVv 
peak To get a dual ac output, an isolated dc/dc converter is required to convert low voltage dc to a dc voltage 
higher than 400V, sufficiently for a 240V ac output 
The challenges with dc/dc converter on fuel voltage side are low voltage and high current (240A)The 
converter needs to be capable of high power operation with high voltage conversion ratio A transformer is 
required for both voltage boost and isolation Furthermore a high switching frequency is needed to reduce 
passive component size, for the purpose of high switching frequency with improved converter efficiency soft 
switching IS needed Among the soft-switching techniques suitable for high power converter applications, phase 
shift ^PS) control has been the favonte. However, for a single-phase full-bridge phase-shift converter the zero-
voltage-switching (ZVS) is achieved over a-hnuted load range Past efforts have focused on solving this 
problem The most popular solutions are to add a saturable core or make some devices switch under zero 
current- switching (ZCS) condition with added auxiliary circuitry f 1-7] 
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ENERGY ANALYSIS OF SOLAR PHOTOVOLTAIC 
SYSTEM FOR AN ACADEMIC INSTITUTION 
IN NORTHERN INDIA 
ANIS AFZAL, V. K. SHARMA, AND MOHIBULLAH 
Abstract 
Energy is essential to our society to provide us good quality of life and economic groAvth. Renewable 
energy technology offers promises of clean energy from unending reserve of sun, wind, earth, and 
plants. Out of all these soiirces of energy, solar energy may be converted directly into electrical energy 
using a solar Photovoltaic (PV) system. Its basic conversion device used is known as solar PV cell. 
Solar PV systems could be applicable to either small or large power plants. For small scale system, 
local energy generation may be achieved even on roof tops of buildings. PV technology has 
progressed tremendously - both performance-wise and cost-wise. The main advantages are its 
modularity, portability reliability and low environmental impact. As there is no moving part in this 
system, operation and maintenance costs are low. PV system is open to iimovation and new 
technology. It has an extraordinary flexibility that different PV systems can be used in different 
applications. Selection of appropriate location and suitable PV system, have wider effect on the 
performance of PV system. The technical status, cost, environment impact, and financial viability of 
PV technology application will be reviewed here with the help of Renewable Energy Technology 
Software in North Indian scenario. 
Keywords: Photovoltaic, Renewable Energy, Green House Gases, Financial Analysis 
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PERFORMANCE EVALUATION OF WIND 
ENERGY CONVERSION SYSTEM AS AN 
ALTERNATIVE ENERGY SOURCE IN INDIAN 
CONDITION 
ANIS AFZAL, V. K. SHARMA and MOHIBULLAH 
1. Introduction 
In many developing countries, particularly in the rural areas, wood 
is the primary source of energy. However, using wood as fuel has its 
own demerits like difficult collection of fuel, limited availability, con-
tinued use may cause desert encroacliment, deforestation, drought, and 
adverse enviromnental impact. Moreover in many coimtries, fossil fuel 
is mainly used in electrical power generating plants. As petroleimi re-
sources are being sharply depleted [1], it is necessary to diversify power 
generation method so as to conserve these fuels for prime applications. 
Less use of fossil fuels will also reduce the emission of carbon dioxide 
(CO2) and other green house gases into the environment. Moreover, 
import of petroleum fuels must be reduced because they are expensive 
Key Words : Wirid energy, wind turbine, renewable energy and fossil fuel 
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ENERGY ANALYSIS OF SOLAR PHOTO VOi TAiC (FV) SYSTEM 
FOR RL'RAL APPLICATIONS 
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ABSTRACT 
.tvmJabihty of energy in adequate quantities and at affordabh costs ^^ ill be a decisive JCK'or fo, 
Indus,rial and socio-economic growth. Sun provides energy as a free fii:l everyday hie o"lv 
thing paid for n the solar energy conversion system. Amongst the existing ^olar t;nergy co>ive'S'on 
techniques. Photovoltaic (PP) technology has progressed remarkably m terms of both perfor:nar>CP 
and cost. The main advantage o/^FV^energy^system-is fheir jnodularity, portab/lity, high retiaf^lit--; 
and low environmentol tmpact.'^'These fystenis'have'no or few tnovihg parts, y^ich resvltfni low 
opercrtifig ,. "d matritenahce cpsfs: Another distinct advantage is its full compatfbiiityfwlt^ tne 
upcoming hydrogen energy' technologies. PV system is open to innovation and^i^c^jnical change 
Its sxtrac^dinary flexibility in terms of technological options'for different PV dev^s riestlt.i 'ik a 
^y>ide range of •:pphcations. Selection of appropriate location for installation of PY h'as ci -"i'ider 
impact on PV system performance Tfiese featicres led to pre-planning (type) Aftjicossi.estin.ution 
>,f PV system. In this paper-Renewable Energy Profect Analysis soffwdte4fi<i^ hiin vied for 
analyzing PV system at different locations far belter technical and financial viability of'-p<jis^ible 
renewable energ\' project. 
ktEN WORD' Periormanct, Energy Analysis, Solii 
F \ 
Introduc^ior 
Wood IS the priman; source of total energy in many 
deve'opingcountries, especially in the rural areas. 
Ho-/ever, wood f'jcl collection is difficrh, its 
a\ ailabilit)' is scarce and its continued use increases 
desert enmachment, deforestation, drought, and 
adverrc eav'ronmental impact. Also, the bulk of 
electrical powei- in many countries has been 
produced mainly from fossil fuel based generating 
s\stems. As pctrofeurr. resourcesare being rapidly 
depicted, it is essential to diversify power prcxJuction 
techniques so as to conserve these fuels for 
premium applications. Minimised use of fossil fiiels 
will invariably reduce the emissjon of carbon diox id*; 
(COj) and other greenhouse gnses into the 
environment. Also, large importation of petrcleuiTi 
fuels that are required for mpdem technologies and 
processes must be reduced as they are stil! generalK 
expensive especially for the non-oil producing 
nations even at liie depressed rate of S20.0C/barrei 
Consequently, it is essential to plan and analy.se 
energy policies including energy conservation wilhin 
the framework of the current socio-econo.mic 
development process In paiticular the 
development and use of new and rtnewable 
sources of energy has to be accelerated The sun 
provides supply of energy as a tree fuel everyday 
The only thing paid for is the solar convc-sion 
system Amongst the existing solar energ) 
conversion techniques. Photovoltaic (PV) 
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